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PEEFACE.
/

T70R the past few years the writer of this book has given

a course of lectures on the elementary theory of experimental

electricity to a class of students at Trinity College, Cambridge.

Experience, together with an occasional study of lecture note-

books, has indicated that, to supplement the lectures, some definite

and permanent statement is required some book of reference,

to which the students may turn for further elucidation of points

not clear to them.

Thus the alternatives arose either of adapting the lectures

to the lines of treatment of an existing book, or of writing a book

which should correspond with the stage now reached in the

evolution of teaching, which has extended over some ten years.

The great shift in the chief points of interest of experimental

electricity, due to recent development in physical science, has

changed the proportion of the various branches of the subject, and

has put out of date many of the older standard text-books. To

the phenomena of electrolysis, of conduction through gases, and

of radio-activity, the physicist will now turn for knowledge newly

acquired, for knowledge in the making, and for unsurveyed

territory ready and waiting for the explorer. The writer has a

firm belief in the advantage of giving to University students, even

to those who confine themselves to an elementary study of their

subjects, some insight into methods of research, together with

some idea of recent results, and of unsolved problems ripe for

a3
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examination. In this way interest is aroused, and natural science

is presented in its true light, as a living and growing branch

of knowledge imperfect indeed and incomplete as all human

creations must be, but more fascinating by reason of its very

faults and limitations, and the consequent possibility of unexpected

and beneficent development.

In the opinion of the writer, education in physical science may

proceed profitably on two lines only either by keeping in close

touch with the advance of pure knowledge or by instruction

which brings into prominence the application of science to technical

industry. Unless one or other of these courses be followed, the

study of natural science by adult students is in danger of becoming

dead and unprofitable both to teacher and learner. If the teacher

be in touch both with the practical problems which arise in the

technical application of his science and with the investigations

into the unknown which are extending the bounds of pure

knowledge, so much the better for himself and for his pupils ;

but, at least, let him try to keep in sight of one of them.

Let him train his students as though all were to become engineers

or investigators : those who end by becoming teachers will be all

the better for the misunderstanding. The state of a science

in which the instruction is only fit to train each succeeding

generation to become the teacher of the next recalls the economic

condition of the famous island where the inhabitants lived by

taking in each other's washing.

Of those who approach physics from the experimental side,

a large majority study simultaneously the kindred science of

chemistry. From their point of view, it is an advantage that the

branches of the subject of electricity now developing most rapidly

are those in which the connexion with chemistry is most intimate.

Here, again, the comparatively small space allotted to electrolysis,

conduction through gases, and radio-activity in the usual text-
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books is unsatisfactory. The unity of nature is best impressed

on the observer by leading him to see the connexion between the

different aspects in which, for the sake of convenience, our mental

model of the world is presented. The fact that certain phenomena

meet the student in his chemical work, is an argument, not for

omitting their consideration from a course on physics, but for

studying them with exceptional care, and for tracing their physical

relations in the light of chemical knowledge.

In the following pages no attempt has been made to present

a complete treatment of the science of electricity. The book is

meant to be suggestive rather than exhaustive, to be an impres-

sionist sketch rather than a finished picture. It aims at bringing

into prominence those features which strike the writer as essential,

without wearying the reader with a mass of unnecessary detail. An

educational work is better too short than tod long; better when

in some points leaving curiosity unsatisfied than when attaining

an ill-digested completeness. The object of the present under-

taking has been to implant a thorough and clear knowledge of

those physical principles necessary for an appreciation of the

newer parts of the subject. All digressions, though interesting

perhaps to the mathematician or experimenter, have been cur-

tailed. The book is meant as an organic structure, each part of

which has a definite and inevitable relation with the whole, each

section its bearing on the plot of the story. To some extent,

even a scientific text-book perforce must be a piece of literature

and a work of art. Whether that necessity be welcomed or not,

nothing is lost by keeping it clearly in mind.

The writer wishes to thank his wife, whose help, as always,

has been freely given. Mr Norman Campbell, Fellow of Trinity

College, has read the proof-sheets of the book. Mr G. F. C. Searle,

of Peterhouse, has given his advice on several points; while

the influence and inspiration of Professor J. J. Thomson will be
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evident throughout the work. In places the treatment is based

on the writer's treatise on the Theory of Solution, and in others

on his book on The Recent Development of Physical Science.

Acknowledgment of this fact is due to the publishers of those

two works, the Cambridge University Press, and Mr John Murray

respectively.

W. C. D. W.

TRINITY COLLEGE, CAMBRIDGE,

May 15*7*, 1905.
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CHAPTER I.

GENERAL PRINCIPLES OF ELECTROSTATICS.

Early History. Franklin's work. Electric induction. Fluid theories of

electricity. Variation of electric forces with distance. Quantity of

electricity. Electric force or electric intensity. Electric potential.

Electric capacity. Distribution of electricity on the surface of con-

ductors. Specific inductive capacity or dielectric constant.

1. IT was known to many in ancient Greece and Rome that

amber and some other substances possessed, when

rubbed, the power of attracting light bodies. More-

over, the shocks received on touching the fish called the torpedo

were described by Pliny, and had been used to cure gout ; though
it is safe to surmise that no connexion was suspected between

these apparently unrelated phenomena, or between either of them

and the thunderbolts of Jove. Lucretius, who commented on the

latter phenomena, hesitated to ascribe them to Divine interposi-

tion, observing that temples, even of Jove, far from being exempt,
were especially liable to the visitation.

Though references to these facts, and speculations as to their

nature, are scattered throughout the writings of the Middle Ages,

no real advance on the knowledge of the ancients was made till

Dr Gilbert (1540 1603) repeated the experiments with a view

to finding some explanation.

William Gilbert, a native of Colchester, Fellow of St John's

College, Cambridge, and sometime President of the College of

Physicians, was one of the earliest and most distinguished of our

English men of science a man whose work Galileo himself thought

enviably great. He was appointed Court physician to Queen

w. E. 1
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Elizabeth and James I., and a pension was settled on him to set

him free to continue his researches in Physics and Chemistry.
It is to Gilbert that we owe the name electricity, which he

derived from the Greek word tfXe/crpov, amber. By investigating
the forces on a light metallic needle, balanced on a point, he

extended the list of electric bodies, and found also that many
substances, including metals and natural magnets, showed no

attractive forces when rubbed. He noticed that dry weather

with north or east wind was the most favourable atmospheric
condition for exhibiting electric phenomena an observation liable

to misconception till the difference between conductor and insu-

lator was understood.

Gilbert's work was followed up by Robert Boyle (16271691),
the famous natural philosopher who was once described as

"
father

of Chemistry, and uncle of the Earl of Cork." Boyle was one of the

founders of the Royal Society when it met privately in Oxford, and

became a member of the Council after the Society was incorporated

by Charles II. in 1663. He worked frequently at the new science of

electricity, and added several substances to Gilbert's list of electrics.

He left a detailed account of his researches under the title of

Experiments on the Origin of Electricity.

The first to note that light and sound accompanied strong
electric excitation was Otto von Guericke (1602 1686) of Mag-

deburg, who mounted a sulphur ball on a revolving axis and

rubbed it with the hand. With this primitive electric machine

he repeated the earlier experiments on a larger scale, and made

the important discovery that, when once a light body had touched

an electrified substance, it was thereupon repelled till it had

touched some other object, when attraction again supervened.

In 1729 Stephen Gray discovered the electric properties of

conductors and insulators, and, in conjunction with Wheeler,

conveyed the electricity from a piece of rubbed glass over a

distance of 886 feet, through a packthread suspended by silk loops.

He found that the experiment failed if loops of hemp or wire were

used, and also noted the conducting power of fluids and of the

human body. Desaguliers added to these results the observation

that conductors appeared not to be electrified by friction, a con-

clusion he would not have reached had he supported the conductors
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on insulating supports. Desaguliers' observation led to conductors

being called non-electrics, a name they kept for many years.

About the same time Dufay, working in France, showed that

two bodies electrified by contact with rubbed glass, or two bodies

electrified from resin, repelled each other, while one of the first

named would attract one of the latter. He was thus led to

recognise two kinds of electricity vitreous and resinous. Gray,

who repeated his experiments, had already noted that the body
used as rubber acquired as intense an electrification as did the

object rubbed
;
and also, supported by some of his fellow-workers,

suggested the identity of the electric fire with lightning.

The electric machine was now improved and increased in

power, mainly by German and Dutch philosophers. A prime

conductor, to collect the electric charge as formed, was added,

and sparks of sufficient intensity to ignite spirits of wine were

obtained.

The condenser originated in consequence of observations on the

leakage of charge. This leakage, which always took place in open
air and especially in damp air, gave rise to the notion that the

charge might be preserved if surrounded by a non-conductor. The

condenser seems to have been invented by more than one person.

From Muschenbroech of Leyden it

took its name of the Leyden jar,

and by him its properties were dis-

covered in the attempt to electrify

water in a glass bottle held in the

hand. Dr Bevis suggested coating the

outside of the jar with a metallic

covering, and such a jar filled with

water seems to have been used by
Franklin and others. When both in-

side and outside had been coated with

tin-foil, at the suggestion of Sir William Watson, the Leyden

jar was complete. (Fig. 1.)

Watson directed a series of experiments for the Royal Society
with a view to measuring the velocity of electricity. The velocity

was of course much too great to be answerable to the experimental

appliances of the time, and, even through more than 12,000 feet

12

o

Fig. 1.
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of wire, propagation was pronounced to be instantaneous. With

reference to these experiments, Watson remarks "
that when the

observers have been shocked at the end of two miles of wire,

we infer that the electrical circuit is four miles, viz. two miles

of wire and the space of two miles of the non-electric (conducting)
matter between the observers, whether it be water, earth, or

both." This seems to be the first occasion when the earth was

used and recognised as a return circuit.

2. Watson suggested that the two kinds of electrification

Franklin's might represent the excess and defect in a single

kind of electricity, and this "single fluid theory,"

with its positive and negative charges, was elaborated and made
more definite by Dr Benjamin Franklin of Philadelphia (1706-

1790), journalist, philosopher, and statesman. Franklin showed

that the two coatings of a Leyden jar were oppositely electrified,

and that, in the terms of the one fluid theory, as much electricity

escaped from the outer coating as entered the inner coating.
" The

phial will not suffer what is called a charging unless as much fire

can go out of it one way as is thrown in by another. A phial

cannot be charged standing on wax or glass, or hanging on the

prime conductor, unless a communication be form'd between its

coating and the floor.

" When a bottle is charged in the common way its inside and

outside surfaces stand ready, the one to give fire by the hook, the

other to receive it by the coating; the one is full and ready to

throw out, the other empty and extremely hungry; yet as the

first will not give out, unless the other can at the same instant

receive in, so neither will the latter receive in, unless the first can

at the same instant give out. When both can be done at once

'tis done with inconceivable quickness and violence."

The ideas prevalent at that time regarded the electricity stored

in the jar as analogous to a liquid stored in a bottle; but Franklin,

setting himself to determine the essential features of the jar,

found that similar effects could be obtained by placing two sheets

of lead, one on each side of a plane sheet of glass. By gilding

the glass in front of a picture of the King, Franklin was able,

by means of a violent electric shock, to frustrate the efforts of
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" the conspirators
" who endeavoured to take off a little moveable

gilt crown from the King's head. In after years he may have

remembered this playful experiment when, his efforts to prevent

a quarrel having failed, Franklin, both in his own land and as

ambassador to France, did much to remove from the King's crown

the bright jewel of the American colonies.

Franklin found that a sharp point near an electrified body
caused it to lose its charge, and noticed the glow which such a

point presents in a darkened room. From experiments like these

he reached the conception of an electric atmosphere surrounding

charged bodies, and concluded that the charge resided on the

surface. The Leyden jar, moreover, showed phenomena which

indicated that the charge resided, not on the coatings, but in the

glass itself.

" The whole force of the bottle, and power of giving a shock, is

in the GLASS ITSELF; the non-electrics in contact with the two

surfaces serving only to give and receive to and from the several

parts of the glass ;
that is, to give on one side, and take away from

the other.
" This was discovered here in the following manner. Purposing

to analyse the electrified bottle, in order to find wherein its

strength lay, we placed it on glass, and drew out the cork and wire

which for that purpose had been loosely put in. Then taking the

bottle in one hand, and bringing a finger of the other near its

mouth, a strong spark came from the water, and the shock was as

violent as if the wire had remained in it, which showed that the

force did not lie in the wire. Then to find if it resided in the

water, being crowded into and condensed in it, as confin'd by the

glass, which had been our former opinion, we electrified the bottle

again, and placing it on glass, drew out the wire and cork as

before
;
then taking up the bottle we decanted all its water into

an empty bottle, which likewise stood on glass; and taking up
that other bottle, we expected if the force resided in the water to

find a shock from it
;
but there was none. We judged then that

it must either be lost in decanting or remain in the first bottle.

The latter we found to be true : for that bottle on trial gave the

shock, though filled up as it stood with fresh unelectrified water

from a teapot. To find, then, whether glass had this property
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merely as glass, or whether the form contributed anything to it,

we took a pane of sash glass and laying it on the stand placed a

plate of lead on its upper surface
;
then electrified that plate, and

bringing a finger to it, there was a spark and shock. We then

took two plates of lead of equal dimensions, but less than the glass

by two inches every way, and electrified the glass between them,

by electrifying the uppermost lead
;
then separated the glass from

the lead, in doing which what little fire might be in the lead was

taken out and the glass being touched in the electrified parts with

a finger, afforded only very small pricking sparks, but a great
number of them might be taken from different places. Then

dexterously placing it again between the leaden plates, and

completing a circle between the two surfaces, a violent shock

ensued. Which demonstrated the power to reside in glass as

glass, and that the non- electrics in contact served only, like the

armature of a loadstone, to unite the force of the several parts

and bring them at once to any point desired : it being a property
of a non-electric that the whole body instantly receives or gives

what electrical fire is given or taken from any one of its parts."

In the last sentence Franklin clearly shows that he understood

the essential nature of the then-called non-electrics as conductors

of electricity. The experiment with the Leyden jar makes plain

the paramount part played in electrical phenomena by the non-

conductor, or, as it was then termed, the electric per se.

This experiment is of fundamental importance, for the modern

theory of electricity, as we shall see, regards the dielectric as the

essential seat of electrical manifestations. On this foundation

Faraday and Maxwell laid the corner-stones of electrical science.

As soon as the spark and noise of an electric discharge were

noticed, their resemblance to lightning and thunder was recog-

nised, and the identity in nature of the two phenomena suspected.

The problem of the establishment of this identity seems to have

possessed a fascination for the mind of Franklin, and many of his

later letters are filled with the description of experiments repeating

on a small scale, with the charges of Leyden jars, the effects of

lightning in fusing metals, rending materials, &c. The discharging

action of points suggested to Franklin the idea of the lightning-

conductor.
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"May not the knowledge of this power of points be of use

to mankind, in preserving houses, churches, ships, &c. from the

stroke of lightning, by directing us to fix on the highest parts of

those edifices upright rods of iron made sharp as a needle, and

gilt to prevent rusting, and from the foot of those rods a wire down

the outside of the building into the ground, or down round one of

the shrouds of a ship, and down her side till it reaches the water ?

Would not these pointed rods probably draw the electrical fire

silently out of a cloud, before it came near enough to strike, and

thereby secure us from that most sudden and terrible mischief?"

Franklin then goes on to suggest that in order "
to determine

the question whether the clouds that contain lightning are

electrified or not" an iron rod should be erected on some high
tower or steeple. When thunder-clouds passed, sparks might be

drawn from the lower end of the rod.

The letters containing this suggestion led to its adoption in

France, England, and other countries, with complete success

a success, too complete indeed in the case of Professor Riehmann

of St Petersburg, who was killed by a shock from an iron rod

erected on his house. Meanwhile Franklin himself had safely

carried out a similar experiment by means of a kite.

"To the top of the upright stick of the kite is to be fixed

a very sharp pointed wire, rising a foot or more above the wood.

To the end of the twine, next the hand, is to be tied a silk ribbon

and where the silk and twine join a key may be fastened. This

kite is to be raised when a thunder-gust appears to be coming on,

and the person who holds the string must stand within a door or

window, or under some cover, so that the silk ribbon may not be

wet; and care must be taken that the twine does not touch the

frame of the door or window. As soon as any of the thunder-

clouds come over the kite the pointed wire will draw the electric

fire from them, and the kite, with all the twine, will be electrified,

and the loose filaments of the twine will stand out every way and

be attracted by an approaching finger. And when the rain has

wet the kite and twine, so that it can conduct the electric fire

freely, you will find it stream out plentifully from the key on the

approach of your knuckle. At this key the phial may be charged ;

and from electric fire thus obtained spirits may be kindled, and all
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the other electric experiments be performed, which are usually
done by the help of a rubbed glass globe or tube, and thereby the

sameness of the electric matter with that of lightning completely
demonstrated."

During the eighteenth century, many experiments were made

on the electrification produced by heating certain minerals and

crystals, such as tourmaline
;
and attention was drawn once more

to the benumbing power of shocks given by the torpedo and certain

other fish. Their electrical organs were examined, and the shocks

they inflict were ascribed definitely to electrical manifestations.

3. While Franklin pursued his researches in America, an

Electric English philosopher and schoolmaster, John Canton
induction.

(17181772), born at Stroud in Gloucestershire, was

working on parallel lines in London. In 1750 he received a medal

from the Royal Society in recognition of his improvements in

artificial magnets, and in 1752 he was the first in England to

verify his friend Franklin's demonstration of the identity of light-

ning and electricity.

But perhaps the greatest of Canton's discoveries was the process

of electrification by induction, which he explained in terms of the

theory of electrical atmospheres. If an insulated conductor, let us

say of a cylindrical form, is placed in the neighbourhood of a

charged body, the nearer end of the cylinder acquires a charge of

the opposite sign, and the farther end a charge of the same sign

as that on the body. The charges may be demonstrated by fitting

the cylinder with vertical metal stands, from which hang linen

threads carrying pith balls. An electric charge repels the balls

from the stands (Fig. 2). A i

If the cylinder, still insu- Jj LL

lated, be removed from the VJt IlJ

neighbourhood of the ori-

ginal charge, the charges on

the cylinder neutralize each

other. If, however, while Fig. 2.

under the influence of the electrified body, the cylinder be touched

with the finger or otherwise connected with the earth, the charge
of the same name as that of the inducing body escapes, and the
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cylinder retains the charge of the opposite name. As long as the

electrified body is near, this induced charge remains fixed or bound :

it will not escape even along a conductor. When, however, the

electrified body and the cylinder are separated, the induced charge
becomes free

;
the cylinder acts as an ordinary charged system it

will share its charge with any other insulated conductor in contact

with it, and lose its charge to earth if a passage be opened. These

phenomena admit of an obvious explanation in terms of the attrac-

tion between unlike charges and the repulsion between those of

the same name, the original uncharged cylinder being imagined to

contain equal and opposite quantities of "vitreous and resinous" or

of "
positive and negative

"
electricity.

Electrostatic induction gives us the best means of obtaining
a continuous series of electric charges, and on this principle all

modern electric machines are based.

The simplest influence machine is the electrophorus of Volta,

invented in 1775. It consists of a plate of resin or vulcanite which

is electrified by rubbing it with cats' fur. A brass plate, held on

an insulating handle, is then placed upon it, and touched with the

finger. The negatively electrified vulcanite induces a positive

charge on the lower surface of the brass plate and repels the

corresponding negative charge to earth. The finger is then

H- H- +

Fig. 3. Fig. 4.

removed, leaving the brass plate insulated with its positive charge.
If it be now raised from the cake of vulcanite, work is done against

the electric forces, the positive charge is set free, and can be
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communicated to other conductors. The energy of the electric

charge obviously is derived from the work of electric separation

performed in raising the charged plate from the oppositely
electrified vulcanite; as long as the two charges are in close

proximity, they are unavailable, and possess no energy. The

charge on the vulcanite is not sensibly affected by the working
of the instrument, since the brass plate touches it at a few points

only. Thus the brass plate can be replaced, and the process

repeated till the original charge is lost by leakage. A continuous

series of charges is obtained at the expense of manual labour.

Fig. 5.

Similar principles are applied in the powerful influence machine

invented by Wimshurst and now used extensively in physical
laboratories (Fig. 5). Two shellac-coated glass plates are made to

revolve in opposite directions by means of a hand-wheel or motor.

Sectors of thin brass or tin-foil are fixed to the outer surfaces

of the plates as indicated in the figure. These sectors are touched

as they revolve by wire brushes on the ends of two uninsulated

diagonal conductors. To start the machine, a charged ebonite rod

is held opposite one of these brushes. The negative charge on the

rod, acting through the two glass plates, induces a positive charge
on the sector, the corresponding negative charge escaping through
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the brush. The positively charged sector passes on, till it comes

opposite the brush on the other side of the machine. Here it

induces a negative charge on one of the sectors of the other plate

then in contact with the brush, and finally gives up its charge to

one of the collecting combs which are connected with the terminals

of the machine. Thus, each charged sector acts as an inducing

agent for sectors on the opposite plate before rendering up its

charge. Once started, the machine increases its own charges, till

leakage or discharge between the terminals prevents further

accumulation. Large Wimshurst machines, with several pairs

of plates, are now often worked by electric motors, and give

a constant stream of opposite charges of very great intensity.

4. As we have seen, the phenomena of electricity known in

Fluid theories ^e middle of the eighteenth century were explained
of electricity.

by the gingle fluid ^eory of Watson and Franklin.

An alternative explanation was, however, suggested by other

physicists. According to this second view, the two kinds of

electrification were to be explained as the manifestation of two

imponderable fluids, co-existent but with opposite properties,

which neutralized each other. But the age was not ready for such

fundamental and detailed theories of electricity; in fact, even now
we are not in a position to accept finally any theory as to its

ultimate nature, and we still do not certainly know whether

electricity is two or one. Nevertheless, the single and double

fluid theories were most useful working models, and played the

true part of scientific hypotheses in enabling observers to describe

and coordinate the phenomena, and to find new and profitable

fields of research.

At the period we are now considering, the knowledge already

acquired might be summarized by saying that, in unelectrified

bodies, equal quantities of the opposite electric fluids existed, and

that, by the friction of certain substances, a separation between the

fluids might be effected. The fluids passed easily through the

interstices of conductors or non-electrics, substances which, when

held in the hand, could not be electrified by friction, but only

moved with great difficulty through electrics or non-conductors.

Each electric fluid tended to spread over the surface of any
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conductor; the different portions of the fluid seemingly exerted

a repulsive force on each other. Moreover, two bodies similarly

electrified repelled each other. On the other hand, opposite

electricities on the same conductor tended to approach and

neutralize each other, while two bodies oppositely electrified

were subject to a force of attraction. Electric charges at rest

were found only on the surface of conductors, but in motion they
used the whole substance of the conductor and not merely its

surface. Those doubtful on this point might, according to Franklin,

be convinced by the passage of an electric shock through the

substance of their bodies.

The properties of condensers or Leyden jars were explained by
the attraction of the opposite charges collected or condensed on

their coatings ; though, as we have seen, Franklin had already shown

that the glass itself played the more essential part in the process.

As soon as we attempt to deal with the fluids of the two-fluid

theory as other than mathematical abstractions, the difficulty of

the conception becomes manifest. We have to suppose that the

mixture of two fluids in equal proportions gives us something so

devoid of properties that it cannot be detected. The one-fluid

theory, as developed by Franklin, avoids this difficulty. In his

view, portions of the single positive fluid attract ordinary matter

and repel other portions of electricity. Unelectrified matter is

supposed to be associated with so much of the electric fluid that

the attraction of external electricity for the matter is just

balanced by the repulsion for the normal charge associated with it.

Excess of the fluid beyond the normal charge means positive

electrification, defect means negative electrification. There is

much in Franklin's theory which resembles modern conceptions

of electrical phenomena, though there is now reason to suppose

that what is called negative electrification should have been given

the positive sign.

5. At this stage of the science, the most important phenomena
were the attractions and repulsions between electrified

electric forces bodies, and the investigation of these forces became
with distance. .

^. T
the immediate object of experimenters. The New-

tonian law of gravitation must have suggested the possibility that,
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in electric phenomena also, we are dealing with forces which

vary inversely as the square of the distance. It was shown

by ^Epinus, a German philosopher who lived from 1724 to 1806,

that the force diminished as the distance increased, but a

satisfactory demonstration of the truth of the inverse square
law was first published by Robison and soon after by Charles

Augustin Coulomb of Montpellier (1736 1806), a distinguished

military engineer in the service of France, and a member of the

Academic des Sciences. Coulomb's researches were carried on by
means of an instrument of his own invention, known as the torsion

balance. Nevertheless, as we shall see presently, a more accurate

method than that of Coulomb had been worked out and used

previously by Cavendish, though with characteristic reticence

he had not thought fit to give his discovery to the world.

The original idea of measuring small forces by balancing
them against the torsion of a

wire seems to have been due to

the Rev. John Michell, whose

method was applied by Cavendish

in 1797 to determine the

gravitational attraction between

balls of lead. Coulomb, probably
unaware of Michell's suggestion,

investigated experimentally the

couple required to twist a wire

through a given angle, and found

that it varied as the angle and as

the fourth power of the diameter

of the wire. He then constructed

a balance, such as is illustrated in

Fig. 6, and used it to investigate
electric forces. F*g- 6 -

To the centre of the top of a cylindrical glass case a vertical

glass tube is fixed. At the upper end of the tube is fitted a

graduated torsion head from which hangs a fine silver wire. The
wire carries a thin straw, covered with sealing-wax, with a small

pith ball at one end and a vertical disc of oiled paper (not
shown in the figure) at the other. The disc acts as a damper of
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the oscillations of the bar, and as a pointer by means of which the

position of the bar is ascertained on a graduated circle surrounding
the middle of the glass case. A second hole, towards the side

of the top of the case, admits a vertical rod of shellac, suspended

by a clip and carrying a second conducting ball, which is thus

placed in a fixed position within the case, such that the centre of

the ball lies between the zero of the graduations on the case and

the lower end of the hanging wire. The fixed ball being removed,

the torsion head is adjusted till the suspended ball lies with its

centre at the same point. The fixed ball is then reinserted, and,

when the moveable ball has come to rest in contact with it, both

are electrified by means of a small metal ball carried on an

insulating handle. The moveable ball is repelled, and takes up
a position of equilibrium under the electric repulsion and the force

of torsion. Its position on the graduated circle is then noted.

The torsion head is now turned round so as to force the moveable

ball nearer to the other, and a note is made of the angle through
which the torsion head is turned and the new position of equi-
librium of the suspended arm.

Knowing the two angular positions of equilibrium, it is easy
to calculate in each case the distances between the balls. The

angles of torsion are determined by observing the graduations on

the torsion head and on the glass case. The torsional couple

being proportional to the angle of twist in the wire, a relation

between electric force and distance is obtained. If the balls are

small compared with the distance between them, the relation is

found to be approximately that of the inverse square.

As a simple example of the method, let us imagine that, after

the moveable ball has been repelled through an angle a, the

torsion head is turned through an angle /3 till the original

distance d between the balls is halved. The angular deviation

of the moveable arm is now less than a, ~

let us suppose 7, and the total twist in >SN<.
I

the wire is 7 + /3 instead of a, as at first. jl y / ?*"<....
Or--

It will now be found that 7 + /3 is ap-

proximately four times a, showing that : ^--
halving the distance has increased the

force in the ratio of 1 to 4. In a similar Flg*
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manner, diminishing the distance to one-third will be found to

increase the torsional and electric forces in the ratio of 1 to 9.

While such experiments serve to show that the law of inverse

squares is not far from the truth, they are not susceptible of any

great accuracy. The law, as we shall see later, is only exact if the

dimensions of the charged bodies are infinitely small compared
with the distance between them, or if the bodies consist of spheres

uniformly electrified. Now, although the bodies in Coulomb's

apparatus are spheres, they are not uniformly electrified, for the

repulsive action between the charges concentrates them on the

farthest parts of the spheres. Besides this difficulty, the unavoid-

able leakage of charge during the course of the measurements

renders the experiment uncertain in result. The torsion balance,

in less experienced hands than those of Coulomb, is very far from

being an instrument of precision.

Fortunately we are not dependent on the torsion balance for an

exact verification of the law of inverse squares, and, as already

stated, another method had been devised and carried out for his

own satisfaction by Henry Cavendish some years before the publi-

cation of Coulomb's results. Cavendish discovered many things

which are now associated with the names of other men, for it was

only when his unpublished manuscripts, belonging to the Duke of

Devonshire, were edited by Clerk Maxwell in 1879, that the world

understood to what an extent he had anticipated the conclusions

of more recent times. As Maxwell says,
" Cavendish cared more

for investigation than publication. He would undertake the most

laborious researches in order to clear up a difficulty which no one

but himself could appreciate, or was even aware of, and we cannot

doubt that the result of his enquiries, when successful, gave him a

certain degree of satisfaction. But it did not excite in him that

desire to communicate the discovery to others which, in the case of

ordinary men of science, generally ensures the publication of their

results. How completely these researches of Cavendish remained

unknown is shown by the external history of electricity." In

the present age of publicity we may perhaps overrate the ec-

centricity of Cavendish's character, but, even in his own more

leisurely days, that eccentricity seems to have arrested attention.

Cavendish's method of examining the law of force depends on
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the experimental proof that there is no electric force within a

charged sphere. Newton in his Principia had demonstrated that,

on the assumption of an inverse square law, the gravitational

force would vanish within a uniform spherical shell of gravitating
matter. It is easy to transfer the proof to the case of uniform

electrification, which is mathematically similar.

Let us consider the resultant force at the point P within the

sphere. With P as common apex, draw two

small equal-angled cones with their axes in

the same straight line on opposite sides of

P. The bases of these two small cones

being very small, we may take the area

A of one base to be at a constant distance

from P, and to act as an electrified

particle. By hypothesis, therefore, its

charge will act at P with a force pro-

portional to 1/(PA)
2

; similarly the charge

on a will act with a force proportional to l/(Pa)
2

. But, the sphere

being uniformly electrified, the charges on these areas A and a

will be proportional to the areas. Now, the bases being equally

inclined to the axes of the cones, they will possess areas directly

proportional to the squares (PA)
2 and (Pa)

2
. Thus, the forces at P

due to the charges on A and a will increase with distance as

much as they diminish, and will be the same as tho.ugh the charges

were at the same distance from P, when obviously the forces they

exert are equal and opposite. The force at P due to the two

elementary cones, then, vanishes
;
and by dividing the whole surface

of the sphere into elementary areas by similar pairs of cones, it

is clear that the force due to each pair of cones must vanish also,

so that there is no -resultant force.

We have now shown that the assumption of the law of inverse

squares leads to the disappearance of electric

force within a uniformly charged sphere. It

remains to prove that no other law is consistent

with this result. Through a point P, inside a

sphere with centre (Fig. 9), draw a plane at

right angles to OP. If the charge on the part

of the sphere above this plane produces an
Fig 9
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attraction in the direction OP, that below the plane will

act in the direction PO. When the law is that of the

inverse square, these two forces balance each other. If the

force decrease with increase of distance at some rate higher

than the square, the force due to the electrification of the larger

area below the plane will fall off at a rate too fast to be

compensated by the greater effect of the larger area. The

resultant force will therefore act in the direction OP towards the

smaller area. On the other hand, if the force diminish less fast

than the square of the distance increases, the greater distance from

P of the larger area will be overcome by the effect of the larger

charge, and there will be a resultant force in the reverse direction.

It follows, therefore, that no power of the distance other than

the inverse square is consistent with no electric force within

the uniformly charged sphere. Maxwell pointed out that the

experimental fact, which was known to Cavendish, that the

distribution of electricity was similar on similar figures, irrespective

of size, shows that the law of force must involve some power of the

distance and no other mathematical function. If, then, it can be

shown experimentally that there is no electric force within a

uniformly charged sphere, it must follow that the inverse square
is the only possible law of force. This result was first given
in a general form by Laplace, though, as we have stated, owing
to the known experimental properties of similar bodies, Cavendish's

assumption of some power of the distance does not sacrifice the

generality of his proof.

Whenever an electric force acts on a conductor, as we have

seen above, electric separation occurs, and parts of the conductor

become electrified differently to other parts. If we find that,

within a charged conductor, no separation of electricity occurs, it

shows that no electric force exists.

To examine this point, Cavendish says, "I took a globe
12*1 inches in diameter, and suspended it by a solid stick of glass

run through the middle of it as an axis, and covered with sealing-

wax to make it a more perfect non-conductor of electricity
1

. I

then inclosed this globe between two hollow pasteboard hemi-

1 Glass is hygroscopic, and in damp weather becomes covered with a conducting
film of moisture.

W. E.
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spheres, 13*3 inches in diameter. ..in such manner that there could

hardly be less than T
4
^ of an inch distance between the globe and

the inner surface of the hemispheres in any part, the two

hemispheres being applied to each other so as to form a complete

sphere, and the edges made to fit as close as possible, notches

being cut in each of them so as to form holes for the stick of glass

to pass through.
"
By this means I had an inner globe included within a

hollow globe in such a manner that there was no communication

by which the electricity could pass from one to the other.

"I then made a communication between them by a piece of wire

run through one of the hemispheres and touching the inner globe,

a piece of silk string being fastened to the end of the wire by
which I could draw it out at pleasure.

"Having done this I electrified the hemispheres by means

of a wire communicating with the positive side of a Leyden phial,

and then, having withdrawn this wire, immediately drew out the

wire which made a communication between the inner globe and

the outer one, which, as it was drawn away by a silk string, could

not discharge the electricity either of the globe or hemispheres.
I then instantly separated the two hemispheres, taking care in

doing it that they should not touch the inner globe, and applied
a pair of small pith balls, suspended by fine linen threads, to the

inner globe, to see whether it was at all over or undercharged
1

.

" The result was that though the experiment was repeated
several times I could never perceive the pith balls to separate or

show any signs of electricity
" Hence it follows that the electric attraction and repulsion

must be inversely as the square of the distance, and that when a

globe is positively electrified the redundant fluid in it is lodged

entirely on its surface

"In order to form some estimate how much the law of the

electric attraction and repulsion may differ from that of the inverse

duplicate ratio of the distances without its having been perceived

in this experiment" Cavendish tested the sensitiveness of his

apparatus by communicating to the inner sphere an amount of

electricity which was just appreciable with the pith balls, and was

1 i.e. positively or negatively electrified.
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equal to a known fraction of that communicated to the outer

sphere in the experiment described.
" We may conclude that the

electric attraction and repulsion must be inversely as some power
of the distance between that of the 2 4- -g^th and that of the

2 i^th, and there is no reason to think that it differs at all

from the inverse duplicate ratio."

A similar experiment was carried out, using a hollow rect-

angular box instead of the folding hemispheres, with a similar

result. Whatever the form of the conductor, as long as it is

completely closed, there is no electric force within it.

Truly this research is no less remarkable as a model of

scientific method, than for the importance of the results obtained.

The pair of pith balls used by Cavendish do not constitute a

sensitive electroscope. -A more delicate instrument, invented by

Bennet, consists of two gold-leaves suspended from a wire placed
within a glass jar. When electrified, the leaves repel each other

and diverge at an angle which roughly indicates the intensity of

electrification. In recent years the gold-leaf electroscope has

become an instrument of accurate research, and is employed for

Fig. 10. Fig. 11.

measuring the electrical conductivity of air and other gases under

the influence of Rontgen rays, radio-active substances, etc. In

its modern form, a single strip of gold-leaf C is attached to

a brass plate D (Fig. 11), from which the leaf is repelled when
electrified.

With a gold-leaf electroscope, it has been possible to obtain a

22
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much more exact confirmation of the law of inverse square than

was effected by Cavendish. Faraday, for instance, constructed a

wooden cube covered with tin-foil, large enough to contain himself

and his electroscopic instruments. The cube was supported on

insulating feet, and intensely electrified. Even when brush and

spark discharges were darting from the outside, no electrification

could be detected within.

Using Lord Kelvin's quadrant electrometer ( 20) Maxwell,

about the year 1870, repeated Cavendish's experiment, and came

to the conclusion that the power of the distance involved in the

law of force cannot differ from 2 by more than the 1/21 600th part.

The fact that the

charge on a system re-

sides on the outside only

may be demonstrated

roughly in many ways,
one of which is a modi-

fication of Cavendish's

experiment with the

separable hemispheres

(Fig. 12).

Besides its chief in-

terest as a means of

verifying the law of

inverse square, the fact

that there is no electric force inside a closed conductor of any
form, carrying any distribution of electricity, shows that such a

conductor serves to screen points within it from electrostatic

disturbances due to outside electrification. For effective screening,

it is not necessary to have a continuous conductor. A cover of

wire-gauze, as shown in Fig. 10, or even strips of tin-foil pasted
on a glass shade, are usually sufficient protection to electric

instruments placed within. The indications of such instruments

are not affected by charges without the screen.

6. In order to acquire the power of measuring definitely any

Quantity of physical quantity, it is necessary to find some satis-

eiectricity.
factory method of defining the unit of the quantity,

and to show that, in certain conditions at all events, the quantity

Fig. 12.
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we are dealing with does not arbitrarily increase or decrease

that, in certain circumstances, it is a conservative quantity. Thus,

mass and energy are quantities. Units can be devised, and two

masses or two quantities of energy can be added together so that

the joint mass or energy is the sum of the parts. The temperature
of a mixture of two volumes of water, on the other hand, is not the

sum of those of the two before junction. In this sense, temperature
is not a physical quantity.

A knowledge of the laws of electric attraction and repulsion,

and of their variation with the distance, enables us to define a

convenient unit for quantity of electricity. In terms of this unit,

it is found that all known phenomena are consistent with the

supposition that electricity may be treated as a real physical

quantity. Two quantities of electricity of the same kind can be

given to the same insulated conductor, and, as measured by its

external electric forces, that conductor, allowing for the loss by

leakage, will then possess a charge represented by the sum of the

two charges communicated. Should the two charges be of opposite

kinds, the same statement describes the facts if by the sum, the

algebraic sum be understood.

The use of the term "quantity of electricity" is justified and the

phenomena of induction are well illustrated by some experiments
of Faraday, who used a pewter ice-pail to represent a nearly closed

conductor. The ice-pail was

placed on an insulating stand

and connected with an electro-

scope by means of a wire. A
brass ball, suspended by a long
thread of white silk, was electri-

fied, and gradually lowered into

the pail. As it approached, the

leaves of the electroscope di-

verged, and the divergence
increased till the ball was well

inside the vessel, some few

inches below the top. The

divergence of the leaves then

became constant, however the
Fi 13
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ball was moved about within the pail. If its charge were

shared with another ball, no change appeared in the indications

of the electroscope. Finally, if the ball touched the inside

surface of the vessel, again the divergence of the gold-leaves

was unaffected. The whole of the charge on the ball now had

passed to the outside of the surrounding vessel, and this was

verified by removing the ball, when the leaves maintained their

deflection, and the ball was shown to be unelectrified.

Two chief conclusions may be drawn from these facts :

(1) The deflection of the electroscope depends on something
which remains constant however the charged ball be moved, when

that ball is once fairly within the vessel, and however the charge

be distributed
;
we may call this something a quantity of electricity,

the quantity remaining constant, and not depending on the nature,

position, or size of the charged body.

(2) Let us then accept the idea of a quantity of electricity,

and the fact that, on contact with the inside, the whole of the

charge on the ball passes to the outside. It follows from the

constancy of the deflection on contact that the quantity of electricity

distributed on the inside of the vessel at first, owing to induction,

must be equal and opposite to the charge on the ball, since, when

they coalesce, they leave the charge on the outside unaffected.

Touching the inside of the vessel with the ball only leaves the

deflection unaltered if the charge is effectively surrounded on all

sides by the vessel. Thus, for the induced charge to be equal as

well as opposite to the inducing charge, the outside conductor

must completely surround the charged body.

In the light of our knowledge of the laws of electric force, the

electrostatic unit of quantity of electricity may be defined con-

veniently as that quantity which, when placed on a small particle at

unit distance from a similarly electrified particle, repels it with

unit force when the two particles are separated by air. In the

system of units usually adopted, the unit of distance is the centi-

metre, and the unit of force the dyne. Now, it can be shown

experimentally, by means of the torsion balance for instance, that

two such units in conjunction produce a doubled force on the
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repelled unit the electric forces vary as the product of the

quantities of electricity and inversely as the square of the distance

between them. Writing el and e2 for the two quantities of elec-

tricity, and r- for the distance, we have

for the force between them when separated by air. We shall see

presently that, in the general case, when any insulating medium lies

between the charges, another factor must enter into this expression.

7. In the equation given above, F denotes the mechanical

force acting between two similarly electrified particles.

or electric It must not be confused with another quantity, of

different physical dimensions, which is called the

electric force or the electric intensity. Let us suppose that, in

some way or other, an electric field is set up. An electrified body

placed in that field is subject to forces, but the amount of force it

suffers depends on the charge on the body. It is convenient to

have some quantity to express the state of the field independently
of any charge used to explore it. The electric intensity at any

point of the field is defined as the mechanical force which would

be exerted on a particle, charged with unit quantity of positive

electricity and placed at the point. If we denote the electric

intensity by f, the mechanical force on a body carrying a

charge e is

F-fo,

so that the dimensions of / are those of mechanical force divided

by those of quantity of electricity.

Electric intensity, like mechanical force, is a vector quantity-
it involves the idea of direction. A line drawn through an electric

field so as always to coincide in direction with the electric intensity

is known as a line of force. In another place we shall have much
to say about lines of force.

8. The early experimenters soon found that it was impossible

Electric to electrify a system without limit. As the process
potential.

continued, leakage increased, and eventually luminous

discharges appeared, which carried away the charge as fast as it
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was imparted to the system. With a given source of electricity,

this stage was reached sooner with small systems than with large

ones. Hence arose the ideas of quantity of electricity, of the

electric capacity of the receiving system, and of the degree of

electrification, or what we now term the potential.

Cavendish seems to have been distinguished from his pre-

decessors and contemporaries by a clear grasp of the meaning of

the phrase
"
degree of electrification

"
and by an exact definition

of it. In terms of his fluid theory, he boldly gave it a physical

meaning as the pressure of the fluid. The relative degrees of

electrification determine in which direction electricity will pass

when two bodies are connected by means of a conductor, and, when

equilibrium has been attained, the potential of the bodies must be

the same : all parts of a conducting system must be at the same

potential when its charge is at rest. In this sense electric

potential is analogous to temperature in heat, or to pressure in

hydrodynamics.
The difference of electric potential between two points may be

defined as the work done against the electric forces in bringing

one positive unit of electricity from one point to the other, the

movement of the unit charge being supposed to produce no

appreciable change in the potential. The electric potential of any

single point in space then is best defined as the amount of work it

is necessary to do against the electric forces in bringing up to the

point a particle charged with one unit of positive electricity from

a point at an infinite distance from all charges, where, by

arbitrary definition, we may suppose the potential to be zero.

As the simplest and most useful case, let us calculate the

electric potential due to an isolated positive charge e at a distance

r from it.

Let denote the position of the point-charge e. At a point P

*

O P Q R 8

Fig. 14.

the electric intensity, i.e. the force on a unit positive charge, is

e/(OP)
z and at a neighbouring point Q it is e/(OQ)

2
. If P and Q are
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taken very near together no sensible error will be made if the force

throughout the distance PQ is taken as the geometrical mean

e/OP.OQ.
The work done in bringing a positive unit from Q to P is then

Similarly, the work from R to Q is e (^ ,.- ~
)

>
and from

S to R,

Now, the total work done from S to P is the sum of the

elements of work given above, and is therefore e l/yp~~/w)-

This process could be continued from as far as we please. If

we imagine it begun at an infinite distance, the expression for the

work done throughout, or the electric potential, becomes

This method of proof is known as integration, and, in the

notation of the integral calculus, may be written

V f
r e

r/ ^-
e e e

J oo r
2 r oo r

'

Thus the potential due to a point-charge is proportional to

that charge, and, since any distribution of electrification may be

supposed to be made up by a collection of point-charges, it follows

that, if all the charges in a system vary together, the potentials

and the charges are always proportional to each other.

If the electric intensity be constant over a certain length I,

then the work done in carrying a positive unit over the distance I

is fl, and this is the difference of potential V. That difference is

proportional to I, and thus, if the force be constant, the rate V/l

of change of potential per unit length in the direction of the

force is constant also, and equal to the electric intensity.

If the electric intensity be not constant, its value at any point

will be equal to the rate of change of the potential at that point ;

that is, to the difference of potential over a small distance divided
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by that distance, when the distance taken is so small that the

force is sensibly constant over it.

The potential diminishes as we pass away from a positively

electrified body, and the force on a positive unit is also directed

away from such a body. Thus the resultant electric intensity

acts in the direction in which the potential decreases. In general

terms, the electric intensity in any direction is equal to the rate

of fall of potential in that direction.

In terms of the differential calculus

(3).

9. The charge on an isolated conductor is proportional to

Electric ^s potential, and the constant ratio between them,
capacity. or fae quantity of electricity needed to raise the

potential by unity, is defined as the electric capacity of the

conductor. Here the system is really made up of the conductor

and the far-off surrounding conductors, which are taken to be at

zero potential. We are, in fact, concerned, not with an isolated

body, but with a system made up of the body, the dielectric field

surrounding it, and the conducting boundaries of that field with

an equal and opposite charge residing on them. The capacity G
of this system is then given by

where e is the charge on one boundary of the field, and Vl V.2

denotes the difference of potential between the boundaries. A
similar expression gives the definition of the capacity for systems
such as condensers, which are essentially the same as the case

just considered.

Cavendish again appears as the first to possess a clear idea of

this quantity, and to make definite measurements of the capacity

of different bodies. He constructed condensers by pasting tin-foil

on each side of glass sheets, and arranging them in sets of three,

so that one of the second set had the same capacity as three of

the first set, and so on. As we shall see hereafter, the capacity

of an isolated conducting sphere placed in air is numerically

equal to its radius, and Cavendish used the diameter of a



I] GENERAL PRINCIPLES OF ELECTROSTATICS 27

sphere possessing the same amount of charge as the given body,

when at the same degree of electrification, as the measure of its

capacity. Thus when he says that a certain body contains n

"inches of electricity" we may interpret his result as meaning

that its capacity is \n inch.

The electric capacity of an insulated conductor is not a

property of the form and dimensions of that conductor alone.

It depends on the neighbouring conductors, and, as will be shown

later on, on the nature of the dielectric or insulator separating it

from the neighbouring conductors. The effect of one conductor

on the capacity of another can be demonstrated easily by means of

a gold-leaf electroscope. The divergence of the leaves measures

the degree of electrification, i.e. the potential. If an uninsulated

brass plate be held in the hand, and moved nearer to the plate at

the top of the electroscope, the divergence of the leaves decreases,

showing that their potential is diminished. No electric communi-

cation with the gold-leaf system has been made
;
hence the charge

is unaltered and the capacity must have been increased.

10. Having given the laws of force and induction, the

Distribution of calculation of the distribution of charge on the

th

e

e

C

surfaceof surface of a conductor of any form is a question
conductors. of mathematics.

For an isolated sphere, everything being symmetrical, the

distribution is clearly uniform, the charge, as we have seen,

residing on the outside of the sphere. As we pass over the

surface of a conductor, places of great curvature will be found to be

the most highly electrified. On sharp points, the surface density

of electrification becomes very great; hence the power possessed

by points of discharging a conductor.

The cases of an isolated ellipsoid, and of two spheres mutually

influencing each other, were solved by Poisson, but it was reserved

for Green to develop a more general method by means of which

the distribution of charge on many other figures could be

determined.

The next step was made by Lord Kelvin, who invented a new

method the theory of electrical images. When an otherwise

isolated point-charge is placed in front of a plane or spherical
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conducting surface, Lord Kelvin showed how to find the distri-

bution of induced charge on the surface. The resultant electric

intensity at points in the space in front of the plane conductor is

the same as though the induced charge on the plane were replaced

by a point-charge placed behind the plane in the position of the

optical image of the original point-charge.

While such investigations are of great interest in the mathe-

matical theory of electricity, they do not bear directly on the side

of the subject considered in this book. With this brief reference

we shall pass on.

11. Cavendish observed that coated plates of glass contained

.

fic
more charge than would be expected from their

inductive thickness and area when compared with similar

dielectric systems of two metal plates separated by air. In

certain cases, he gave numerical values for the ratio

between the observed and the calculated charges, glass giving
a value of about 8, and shellac about 4J. This

phenomenon was rediscovered and investigated

carefully by Faraday. Faraday used the

apparatus shown in Fig. 15, consisting of two

concentric spheres, the space between which

could be filled with air or any other fluid. Solid

dielectrics such as shellac and glass were exam-

ined in the form of hemispheres, which could be

placed in the lower half of the space between the

spheres of the apparatus.

Two arrangements of this kind were made,

exactly similar to each other. One was charged

by connecting the inner sphere with a Leyden

jar, and the degree of electrification tested by
means of a torsion balance. The charge was then

Fig. 15.

shared with the other apparatus, and the common potential again

tested with the torsion balance. If the capacity of the two pieces

of apparatus be the same, the potential of the doubled capacity will

be half that of the single one with the same charge. This was

found to be the case when both were filled with air, but, when

a hemisphere of glass or shellac was interposed, the final potential
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was less than half the original potential, showing that the

final capacity was more than twice the capacity of the single

apparatus filled with air. Allowing for the fact that only about

half the inter-spherical interval was filled with the solid dielectric,

Faraday calculated what the capacity would have been if the space
had been filled completely. The ratio of this capacity to that of

the apparatus when it contained air, was defined as the specific

inductive capacity of the solid dielectric. In these experiments,

Faraday discovered, with certain solids, a slow creep of electric

charge into the substance of the dielectric. The result of measure-

ments of the capacity of condensers thus depends on the time

during which the condenser remains charged, and differences exist

between dielectric constants as determined by long-charge methods,

like that of Faraday, and short-charge methods such as will be

described later ( 69).

Dielectric Constants. Specific Inductive Capacities
1

.

Long-Charge Values.

The value for air is taken as unity.

Glass, light flint- 6'57 Petroleum oil 2'10

very dense flint- lO'l Ozokerite 2'13

hard crown- 6'96 Turpentine 2'23

plate- 8-45 Benzene 2'38

Sulphur, non-crystalline 3*84 Carbon bisulphide 2'67

Mica 6-64 Ether 475
Ebonite 3'15 Distilled water 75 to 80

Resin 2'55

Faraday could detect no difference between the specific in-

ductive capacity of air at ordinary pressure and that of air at the

lowest pressure he could reach. Electric forces act across the best

vacuum we can obtain; exact experiments show that, taking the

dielectric capacity of a vacuum as unity, that of air at atmospheric

pressure is about 1*00059. For practical purposes, then, the value

of the constant for air still may be considered to be unity.

It is easy to show, by direct experiment, that the force exerted

by an electrified body on, for instance, a pith ball, is diminished by

1 Taken from Prof. J. J. Thomson's Recent Researches in Electricity, p. 468.
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the interposition of a solid dielectric such as a sheet of paraffin ;

and, as we shall see later, the effect observed in measuring

capacities is explained if we write the force between the two point-

charges as

ET ^1^2F=
k^'

where k is Faraday's quantity, the specific inductive capacity or the

dielectric constant. This, then, is the general expression for the

law of force between electric charges. It is obvious that the

corresponding value for the electric potential at a point due to

a charge at a distance r must, in its general form, be written as

V e~
kr'
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CHAPTER II.

SOME THEOREMS OF ELECTROSTATICS.

Total normal induction. Gauss' theorem. Electric force outside a uni-

formly charged sphere. Electric intensity outside a uniformly charged

infinite plane. The electric capacity of an isolated sphere. Capacity

of two concentric spheres. Capacity of two parallel planes. The

mechanical force on a charged conductor. Energy of electrified systems.

The quadrant electrometer.

12. IN deducing the mathematical theory of electrostatics

Total Normal from the result of experiment as formulated in the

G
n

a

d
u
U
ss'

i0n '

laws of force
>
we sha11 find the foll wing theorem,

Theorem. ^UQ ^o Gauss, of great assistance.

Let us draw an imaginary closed surface, surrounding any

quantity of electricity distributed in any manner. Then let us

divide that surface into an immense number of very small ele-

ments of area, one of which is a, and calculate the value of the

electric intensity (or the electric force) N normal to each element

of area. Assuming that the dielectric constant of the medium

is k, we shall show that the value of the sum of all the areas

multiplied by their corresponding normal forces, or ScJV, is equal

to 4f7r/k times the total quantity of electricity e enclosed within

the surface. We may state this result in the form

The quantity 2a.Nk is called the total normal induction over

the surface.

To simplify the equations, let us first take the medium to be

air, for which k is unity.
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Let PQ be the trace of one of the elements of area on the

plane of the paper, and, at first, let all

the charge be concentrated at the point
0. With centre and distance OP
describe a sphere cutting OQ in R.

The element of area PQ being very

small, the electric intensity over it is

uniform, acts along PO, and is equal to

The component of this intensityOP2 Fig. 16.

normal to the area is
jypi

cos QPR> since the angle QPR is equal

to the angle between OP and the normal to the surface PQ.

Fig. 16 a.

Thus the product of the area and the normal force is

AreaPQ x cos QPR = AreaPE x .

With centre describe any sphere, cutting OP and OQ in

A and B.

Then

or

Hence

Area AB : Area PR :: OA* : OP 2

Area AB Area PR
OA

Area PR x
OP*

OP2

AreaAB x
OA

Therefore the product of the element of area and its normal

force is the same for the original imaginary surface as it is for this

sphere round the point-charge as centre.

The same proof holds for all elements of area
;
and thus 2aJV

is the same for the surface as it is for the sphere.

For the sphere, the normal electric force is constant, and is

everywhere equal to the electric intensity.
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Hence 2<*N = N. 2* =N . fa (OA?

This holds for the original surface also, and we establish Gauss'

theorem, 2aN = fae.

If the only electric charge in the field lies outside the surface,

it is easy to see that the

total normal induction must

vanish.

For each of the areas pq
and PQ, the product aN is

the same as for a sphere
drawn round as centre,

and, in this case, the force

at pq acts outwards from Fig- *6 b -

the surface while that at PQ acts inwards. With reference to the

surface, then, they have opposite signs, and, since they are equal,
must cancel each other. In a similar manner, the forces due to

other pairs of elements of area cancel, and thus the total normal

induction due to the charge outside the surface must vanish also.

If the charge inside or outside the surface be distributed,

instead of being concentrated at a point, it may be shown that

similar results hold good. Any electric distribution can be repre-
sented as made up of a number of point-charges elt ez ,

e3 ... etc.

with electric intensities, normal to one single element of area,

equal to Nl} N2 ,
N

s
...... etc. The sum of these components is equal

to N, the resultant component of the electric intensity normal to

the area. Thus

Nt + N,* ......)a

=
477-0! 4- 47re2 + 4-77-63 + . . .

= 4-7T (B! -f e2 + 3 +...) = 4f7re.

Therefore the total normal induction is equal to 4?r times the total

charge within the surface however that charge be distributed.

If, instead of air, we have an insulating medium with dielectric

constant k, the result becomes
477-0

or ZaNk =
W. E.
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13. Let us find the electric intensity at a point P outside a

Electric force uniformly electrified sphere, of which is the centre.

fo

u
r

t

miy
e

cha
u
rged

With centre and distance OP, describe an im-

sphere.
aginary spherical surface, and to this surface apply

Gauss' theorem,

The surface being spherical, and the charged sphere within

it being uniformly electrified,

everything is symmetrical, and

the normal force must every-

where be equal to the total

force. Thus SaJV=/2a where

/ is the electric intensity at

the point P.

Hence /. 47r(OP)
2 =

,_ e
Fig. 17.

/
~(OP)

2
'

It follows, therefore, that a uniformly electrified sphere exerts

an electric force without it equal to that which the same quantity

of electricity would produce if concentrated at the centre of the

sphere.

We have supposed the sphere to be surrounded by air. In the

general case, if it be immersed in a medium with a dielectric

constant k, the intensity at the point P, without it, is seen

to be

Let us call the charge per unit area on the surface of the

sphere the surface density of electrification, and denote it by the

symbol <r.

The electric intensity just outside a sphere of radius r, i.e.

indefinitely near its surface, is

- e 47rr2
cr

For a point indefinitely near it, the form of the surface does

not matter, and this result therefore gives the electric intensity
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A

just outside a charged surface of any form. It is known as

Coulomb's law, and can be deduced directly from Gauss' theorem.

14. Let AB denote a part of a uniformly charged plane of

infinite area. Outside the plane, with its axis

Siy
C
outsMe

ten "

normal to the plane, describe the cylinder PQ.

From symmetry, the intensity must everywhere be

normal to the plane, and uniform in any plane

parallel to the charged one. There is

thus no normal force over the curved

sides of the cylinder, and the force is

uniform and normal over the flat ends.

If /! and /2 be the intensities at the

ends P and Q respectively, by Gauss' s

theorem,

Sotf = (area P x/0 + (area Q x/2)
= 0.

Thus /! =/2 ,
since area P = area Q.

The intensity is therefore constant at

all distances from the plane.

Describe another cylinder TS, with axis normal to the plane,

enclosing an area a of the plane, on which the total charge is era.

By Gauss' theorem

(Area T x/J + (Area 8 x/2)
= 4>7r<7"

Fig. 18.

But

thus

or

Area T= Area S = a
;

2a/=

/=

k

27TCT

It should be noted here that a is the total amount of electricity

on both sides of the plane per unit area. If cr be taken as the

charge on one side of the plane only, then, for an isolated plane,

In this book we shall adopt the former convention, and use a- to

denote the charge on unit area, counting in the charge on both

sides of the plane.

32
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15. We defined the capacity G of an isolated conductor, or

The electric rather the capacity of the system formed of that

aSsoiate'd
conductor and of the far-off boundaries of the di-

sphere. electric medium surrounding it, as the charge e

required to increase the potential F by unity. Hence

The potential V is the difference of potential between the

conductor and the far-off boundaries of the medium, which are

denned to be at the zero of potential.

Since an isolated sphere is itself symmetrical and is affected

equally on all sides by the action of other charged bodies, it must

be electrified uniformly, and will therefore act at points outside as

though its charge were concentrated at its centre. Thus the

potential ( 8) at its surface will be

F- e

~kr>

where r is its radius, and k the specific inductive capacity of the

surrounding medium.
S)

Hence C = -TJ
= kr.

e/kr

Thus, in air, the capacity of an isolated sphere is numerically

equal to its radius.

16. The capacity of two concentric spheres, with radii r^ and

r2 ,
and a dielectric with constant k between them, is

Capacity of
two concentric a quantity of practical as well as of historical interest.

Let us suppose that a charge + e be given to the

inner sphere, and that the outer sphere is connected with the

earth. A charge e will then be induced on it, since it

surrounds the inner sphere completely. With regard to points

outside both of them, each sphere acts as though its charge were

concentrated at its centre. But the spheres have the same centre,

and the charges are equal and opposite. Thus the potential just

outside the outer sphere, and therefore the potential of its surface,.

must be zero.
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The inner sphere, being a conductor, is an equipotential

surface, and, since it is closed and contains no charge within it,

there is no electric force inside, and the potential is everywhere

the same. We may therefore find the potential of the inner

sphere by calculating the value at the centre. Here the charge

+ e on the surface of the inner sphere is at a uniform distance of

o

rlt and the potential due to it is consequently ^-.
The charge

e on the outer sphere is at a uniform distance of r2 ,
so that the

total potential of the inner sphere is

V e e e
(^

The capacity of the double system is, by what was said in 9,

e/(Vl F2),
and we have seen that F2 the potential of the outer

sphere is zero. Thus

\_l\
TI rj

_
k

17. Let AB and CD represent portions of two parallel planes

of infinite extent. Let the area of each portion
Capacity of

.

two parallel considered be a. Let one plane be insulated and

charged with a quantity of positive electricity till

the surface density is a. If the other plane be connected with

earth, a negative charge will be induced on it. If we

imagine the planes to be small portions of two con- /\

centric infinite spheres, we see that the charge on the

part of the sphere CD which lies opposite the area AB,
will acquire a charge numerically equal to that on the

area AB. Thus the surface-density on CD will be -
cr.

Owing to the attractive forces between the opposite

charges, the whole electrification on each plane will

reside on the side nearest to the other plane.

Each plane will produce an electric intensity outside

it equal to Sircr/Ic ( 14). A positive unit placed be-

tween them will be repelled from one and attracted

towards the other, so that the forces are in the same

direction, and the total electric intensity between the
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planes is 47r<j/&. Since we consider parts of infinite planes, every-

thing is symmetrical, and the intensity is uniform. Thus the

difference of electric potential V1
- F2 =/ =

k-rr<jt\k where t is

the thickness of the dielectric stratum between the planes.

Now the capacity
~ e aak ak

=

T^F2~4^
=
4^'

This result is of great practical importance. As it stands, it

gives an approximate value for the capacity of all condensers, in

which a thin layer of dielectric lies between two conducting
surfaces. If the dielectric is thin, the form of the surfaces is

immaterial. Thus the capacities of Leyden jars, as well as those

of plate condensers, may be calculated approximately from this

formula.

Such arrangements, however, do not give us portions of infinite

planes, and, if accurate results are needed, a correction must be

applied to allow for the effects of the free edges of the system.

This correction requires complicated mathematical treatment. In

certain pieces of apparatus, however, it is possible to use a device

due to Lord Kelvin, which makes the edge-correction unneces-

sary.

The insulated plane, let us suppose in the form of a circular

plate, is surrounded by an annular disc,

or guard ring, lying in the same plane,

and separated only by a narrow air-gap

from the central plate. The central

plate and the ring can be connected by
means of a fine wire, and then form

part of the same conductor. In this

state they are charged, and, since the

irregularities due to the edges are con- ^^
fined to the guard ring, the electric A~~a b B

distribution on the central plate ab is
Fl8- 20 -

uniform. The wire is then removed, so that the central plate ab

is insulated. We can thus deal with the charge on the central

plate alone, and this charge is that calculated by the elementary

theory of capacity given above. The use of a guard ring enables

us to employ what are, in essence, portions of infinite planes.
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18. At a point indefinitely near the surface of a conductor,

the neighbouring surface appears as a large plane ;

hence the electric intensity is normal to the surface,

so that *ne mechanical force on a small area of the

electrified surface will act along the normal.

The electric intensity / at a point P in the small area

may be considered to be composed of a partyj due to the charge
on the small area, and of a part /2 due to the charges on the rest

of the conductor and on other conductors in the field. Thus

/-/.+/.
As we pass from Q to 8, points just without and just within

the surface respectively, we change the sign
of yi the intensity due to the charge on the

small area round P. Neither the sign nor

the value of /2 will change, for, with respect

to the more distant parts of the conductor, and

to other conductors, Q and 8 are practically

coincident points. Inside a closed charged
conductor the intensity must vanish ( 5).

Hence at S the total intensity

/.-/i-O.

Thus /1=/2
=

!/,

where/ is the total intensity outside the surface at Q.

Now the mechanical force on the small area a in the direction

of the normal is/2 cr, where cr is the surface density of electrifica-

tion; for yi, the intensity due to the charge on the area itself,

cannot tend to move the area.

If, then, F be the mechanical force per unit area along the

normal,
Fa =/2ao- = J/a<r,

and F = J/<r.

Since ( 13) by Coulomb's law /= 47rcr/&,

27ro-
2 _/2&

~T~
=
8^'

In the case of two parallel planes separated by a dielectric

layer, the mechanical force on the central plate (ab, Fig. 20)
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surrounded by a guard ring is of practical importance. The

electric intensity due to the other opposite plane is 27rcr/k, if the

dielectric constant of the separating medium is k ( 14). The

charge on the plane ab produces no force on itself normal to its

plane, thus 27rcr/k is the force on a positive unit of charge placed
on the plane ab. The actual charge is era, and the mechanical

force is 27rao-2

/&.

It is more useful to express this force in terms of the difference

of potential Vl F2 between the planes. The total intensity f
between the planes, due to the charges on both, is 4>7rcr/k, and the

intensity is uniform, so that V1 F2 =/, where t is the distance

between them. We may therefore write

The mechanical force on the area a of ab is

27^

It is interesting to compare this equation with the expression

(11) for the mechanical force between two charges, viz. e^/kr*.

In any system, when the charges are constant, the forces are in-

versely proportional to k
}
and the substitution for air of a dielectric

of high specific inductive capacity diminishes the forces. On the

other hand when the potentials are kept constant, an increase of

dielectric constant increases the mechanical forces between the

parts of the system.

The expression for the force between two parallel planes is used

in Lord Kelvin's Absolute

or Trap-door Electrometer.

In one form of this instru- A I

ment, the moveable disc 8 <-__
is attached to three light

c D

springs, of which two are

shown in Fig. 22. The disc
Fig ' 22 '

usually lies rather above the plane of the guard ring AB. The plate
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CD is screwed up, till the attractive force pulls S into the plane of

AB, as shown by a fixed sighting lens and a cross wire attached

to S. The force then has a certain value, known from previous ex-

periments on the weight needed to bring 8 to its sighted position.

Hence the difference of potential between 8 and CD is determined:

V V = StrF

the dielectric being air.

19. If no loss of energy occur, the energy of an electrified

Ener of system must be equal to the work done against the

electrified electric forces during the process of charging. By
the definition of electric potential, we know that,

when unit positive charge is brought up to a conductor at a

potential V, the work done against the electric forces is V, provided
no appreciable change is thereby produced in the potential. Simi-

larly if e units be brought up, the work done is e V. If e be small

enough, the supposition of constant potential will be justified.

Now we can imagine the process of charging an isolated conductor

to be carried out by the successive addition of very small charges,
and thus the electric work done may be written

Let us represent this process graphically as in Fig. 23, where

the ordinates represent po-
tentialandthe abscissas charge.

The successive terms in the

series just given are repre-

sented in the figure by the

areas of the successive vertical

strips, and the total electric

work done is represented by
the sum of these areas. If

the magnitude of each suc-

cessive charge be reduced

without limit, this sum ap-

o
Fig. 23.

M

proximates to the area of the figure 0PM.
Now by 8 it follows that the potential of an isolated con-
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ductor is proportional to the charge. Thus the curve OP is a

straight line, and the figure 0PM is a triangle. Its area is there-

fore |eF, where e is the final charge, and V the final potential.

The electric work done in charging, and the electric potential

energy stored in the conductor by virtue of its charge, are each

given by

An important case is that of the two parallel planes. The

electrical energy is

WmMKr-YA
since this is the electrical work done in carrying a charge e from

one plane to the other, producing thereby the difference of

potential.

We can express this energy in terms of the dimensions of the

apparatus, and either the potentials or the charges :

(i) Since the intensity/ between the plates is uniform,

where t is the distance. Now / is 4f7ro-/k, if k be the dielectric

constant of the medium between the plates. Thus a- is
,
and

(ii) Again, we may express the energy in terms of the charge
on one plate.

W-fr(Vt -VJ
:
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Now by equation (1) we see that, if the potentials be kept

constant, by connecting the plates to the poles of a battery or

in some similar way, the energy of the system is inversely as the

distance between the planes, and will therefore be increased if the

distance be diminished. The attracting force between the op-

positely charged planes tends to diminish the distance between

them, but, if the potentials be kept constant, the system draws the

necessary energy from the battery.

On the other hand, if the plates be insulated, so that the

charges are constant, the system has no source of energy to draw

upon, and thus the action which tends to occur under the natural

forces, namely, an approach of the plates, must involve a decrease

of available energy. This is also seen from equation (2), which

shows that, in this case, the energy diminishes with the distance

between the plates.

In the first case, where the potentials are kept constant, the

effect on the energy of a small displacement of one plane towards

the other is the difference between the energies before and

after the displacement. Before the displacement, the energy is

~TT ( T7" TT A 1
' *'*' ' A _Pj_

,
or writing V for Vl F2 ,

the energy is . After
O7TC

akV'2
the displacement, the energy is -

-j-
-r

,
when St denotes a small

OTT ^C ot)

change in the thickness t of the dielectric.

Since St is a small quantity, this expression is equivalent to

( 1 +
J

,
and the increase in the energy of the system during

. akV*St
the displacement is

^
-

.

Putting V = 4<7r(Tt/k, and a = e/a, we see that this expression

27T*&
becomes -

ok

Now in the second case, when the charges are constant, the

energy is 27re2

t/ka, and, after the same displacement, it becomes

27re2
(t 8t)/ka. Thus the decrease in energy of the system is

2-Tre
2

/&. It follows that for a small displacement of the kind

indicated, the increase of electrical energy, when the potentials are

kept constant, is equal to the decrease of energy when the charges
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are constant, and this, by the principle of the conservation of

energy, when the system has no actual energy to draw upon, is

equal to the external work which the system can do during the

displacement. A general investigation shows that this result holds

good for any kind of small displacement to which the system is

subjected.

20. For many purposes, the best and most sensitive form

The quadrant f electrometer is the quadrant instrument invented
electrometer.

by Lord Kelvin A light spmdle-shaped needle of

aluminium or silvered paper is suspended by a fine wire or quartz
fibre within a shallow box divided into four quadrants. The

quadrants are supported on insulating pillars, which, in one recent

form of the apparatus, are made of amber. Opposite quadrants
are connected together by fine wires

; and, in its position of

equilibrium, the needle lies over the junction line between two

quadrants.

Fig. 24.

The needle is charged to a high potential, and, if there be no

difference of potential between the quadrants, the needle still lies

in its median position. If, however, the opposite pairs of quadrants
be connected with the terminals of a voltaic cell, or other source

of potential-difference, the needle is deflected towards that pair of

quadrants with the lowest potential, that is, with a relative electric
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charge opposite to that on the needle. A mirror is attached to

the needle, and the deflection measured by one of the usual

optical methods.

THE CAMBRIDGE SCIENTIFIC INSTRUMENTS LI'

Fig. 24 a.

In the form of electrometer shown in Fig. 24 a, the design of

which is due to Dr F. Dolezalek, the suspension is a very fine quartz

fibre, and is made into a conductor by coating it with a trace

of a hygroscopic substance like calcium chloride, which always

remains moist. The needle is of very light silvered paper, and the

sensitiveness is so great that the needle need only be kept at

a potential of 50 to 200 volts. A constant potential can be secured

by connecting the fibre with one pole of a battery or dry pile, the

other pole of which is put to earth. In older forms of the

instrument, in which much higher potentials were necessary, the

needle was charged initially by means of an electric machine or

electrophorus, and was kept at a moderately constant potential

by allowing a wire from it to dip in some sulphuric acid placed
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in a little vessel coated with tin-foil. This vessel served as a

Leyden jar, and its large capacity greatly retarded the fall of

potential due to leakage from the needle.

The relation between the potentials and the deflection can be

found by examining a simpler case consisting of a large plane

Fig. 25.

surface G moveable in its own plane over the two parallel

co-planar surfaces E and F. If I be the width of the planes
at right angles to the plane of the paper, XI may be taken to

denote the force tending to move G in the direction of the arrow.

When G moves through a small distance x, the work done is Xlx.

If the electrical system is isolated, so that the charges are constant,

this work is equivalent to the decrease in the electrical energy of

the system, while, if the potentials are kept constant, as is more

usual in practice, it is equivalent to the increase in the electrical

energy of the system ( 19).

When G is moved through a distance x, the area of G opposite

to F will be increased by lx, and the energy will be increased by

Ix

where VN denotes the potential of the needle G, and V
Ql

that of

one quadrant F.

At the same time, the area of G opposite to E is decreased,

also by Ix, and a corresponding decrease of energy occurs equal to

Thus the' total increase in electrical energy at constant

potential is



Il] SOME THEOREMS OF ELECTROSTATICS 47

As we have seen, this is equal to the work done, therefore

Thus

In this expression, the constant l/4i7rt depends on the particular

case used for calculation, but the general form of the expression

will be the same for the quadrant electrometer. Thus the couple

tending to twist the needle will be proportional to

In practice, the potential of the needle is usually very high

compared with that of the quadrants, and the couple will be

proportional to

that is, to the potential of the needle and to the potential-difference

between the quadrants.

This couple is opposed by the torsional couple in the wire or

quartz fibre. The torsional couple is proportional to the angular
deflection ^. Thus

where k is some constant, to be found by experiment, depending
on the form and dimensions of the instrument.

Quadrant electrometers are often used to measure large

differences of potential by connecting one pair of quadrants
with the needle. We then have VN V

Q2
and the general expres-

sion becomes

(va - FC,) (
vs - $vQl -^vs\

= \(vs - vQly.

Thus the deflection will be proportional to the square of the

difference of potential between the needle and the one pair of

quadrants.
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the electrostatic voltmeterThis principle is employed in

illustrated in Fig. 26. Here two

of the quadrants are removed, the

axis of the needle is horizontal,

and the lower end of the needle

carries an adjustable weight. The

needle is connected with the quad-

rants, and thus both are raised to

the same potential.

It is obvious that the result

is the same whether the system
be positively or negatively elec-

trified. Hence the electrostatic

voltmeter,unlike some other forms,

can be used to measure an alter-

nating difference of potential.

In the multicellular voltmeter,

the sensitiveness is increased by

attaching a number of needles to

a vertical axis, while quadrants lie between the needles.
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CHAPTER III.

THE DIELECTRIC MEDIUM.

The importance of the dielectric medium. Lines and tubes of force. The

energy in the dielectric medium. Analogy with a strained medium.

Dielectric currents.

21. THE conspicuous success of Newton's formulation of the

laws of gravitation suggested similar relations for

electric forces, and, when the law of inverse squares
dielectric wag verine(j for electric forces also, it was inevitablemedium.

that the analogy should be pushed as far as, or

farther than, the case warranted. The gravitational attraction

between two masses is independent of the nature of the inter-

vening medium ; and, forgetful or in ignorance of the experiment
of Cavendish to which we have referred in 11, natural philo-

sophers till the time of Faraday assumed that electric forces also

were not affected by the insulating medium across which they
acted.

With an obstinate disbelief in the idea of action at a distance,

Faraday set himself to examine the influence of the dielectric field.

Guided by the hypothesis that the forces were somehow trans-

mitted by the medium, he rediscovered the existence of specific

inductive capacity, and, as we have seen, measured its value for

several substances. He also showed by many experiments that

electrostatic induction might occur in curved lines, whereas, on the

theory of direct action at a distance, it should act in straight
lines only. As a final result of his work, he framed a new theory
of electric phenomena. He regarded them all as depending

" on

induction being an action of the contiguous particles of the

w. E. 4
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dielectric, which, being thrown into a state of polarity and tension,

are in mutual relation by their forces in all directions."

Faraday's experimental researches in these subjects not only
confirmed his original hypothesis, but still serve as an excellent

example of the advantage, perhaps the necessity, of hypothesis as

an aid to physical investigation even in the early stages of a course

of experiment.
The centre of interest in electric science was thus shifted from

the conductors to the dielectric or insulating medium. In Fara-

day's eyes, the essence of the phenomena was to be found in a

state of strain set up by the action of the electric machine in the

dielectric, the so-called electric charges on neighbouring conductors

being merely the free surfaces of the strained medium.

22. In order to study the phenomena of the dielectric field,

Faraday made use of the ideas of lines and tubes of

force, conceptions which seem to have been suggested

by the pattern assumed by iron filings when scattered on a card in a

magnetic field (Fig. 27). Each filing, under the inductive action

Lines and
tubes of force

Fig. 27.

of a magnet placed below the card, becomes a little temporary

magnet ;
the filings set, each in the direction of the local magnetic

force, and cling together to form chain-curves, the tangent to a

curve at any point being in the direction of the resultant magnetic
force at that point.

The corresponding lines of electric force, due to electrostatic
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charges, cannot be demonstrated experimentally in such a simple

manner, but their forms can be calculated from the law of force,

and thus maps of the lines constructed for any simple case.

A line of force is to be defined as a curve drawn so that, at each

point, the tangent to the curve is in the direction of the resultant

electric intensity at the point.

Two charges, equal in amount but opposite in sign, produce a

simple field of force. Placed between them, an isolated unit point-

charge of positive electricity will be repelled by one and attracted

by the other. One line of force, then, must run straight from one

of our charges to the other. At a point in the median plane, the

vertical components due to the two charges will balance each

other, and the horizontal components will again be in the same

direction. Thus all lines of force cross the median plane in a

horizontal direction. If we make the convention that a single line

of force shall spring from one positive unit of electricity and end

on one negative unit, the'number of lines crossing any small area

in the dielectric field normal to the lines will, as we shall see, be

proportional to the resultant force at the area. We then arrive at

the general picture of the lines shown in Figure 28, in which the

resemblance to the corresponding case for magnetic lines is shown.

Fig. 28.

Figure 29 shows the distribution of the lines for two opposite

charges, A being four times as great as B. Here, only part of the

42
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lines springing from A end on B, the rest going to the walls of

the room, or other conducting surfaces on which a negative charge
can be induced.

Fig. 29.

In Figure 30 the lines of force arise from two equal positive

charges of the same name, and all end on surrounding objects.

Fig. 30.
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At the point marked C in Figure 29, and at a point midway
between the charges in Figure 30, there is no resultant force.

If a tubular region of space be imagined as bounded by lines

of force, it may be called a tube of force or a Faraday's tube. It

must start from a positively charged conductor, and, according to

our present convention, end on one negatively electrified. We
may, if we please, suppose that each line of force in Figures 28

to 30 represents the axis of a Faraday's tube. It is usual to imagine
one tube of force to spring from each positive unit of electricity.

It will then end on a corresponding negative unit. By an

application of Gauss' theorem, we may show that the normal

induction over any cross-section of the tube is constant along
its length.

In a future chapter we shall examine the effects of electric

tubes of force in motion. From the magnetic field which then

arises, we shall see some reason to modify our present conception of

tubes of force. To explain the phenomena, we must then suppose
that the positive tubes proceeding from positive charges, and the

negative tubes springing from negative charges, all run off into

space. Opposite tubes attract each other, and like tubes repel;

and, as far as electrostatics is concerned, the result is exactly

equivalent to that given by the more usual way of regarding the

tubes. The usual method is somewhat more simple, and will be

adhered to in this chapter.

The deduction of the exact distribution of the lines or tubes

of force for complex cases requires mathematical analysis, but

Faraday was able to investigate the general results by noticing
that the lines behaved in every case as though they tended to

shorten their length and spread as far from each other as possible

as though, that is to say, they were in a state of longitudinal
tension and repelled each other laterally. It is well to reconsider

Figures 28 to 30 from this point of view, and to learn to regard a

resultant force, acting on a charged body, as due to the unbalanced

effect of a one-sided excess of electric tubes in a state of tension.

We proved ( 18) that on each unit area of a charged conductor

there existed a mechanical force equal to /cr/2, / being the

resultant electric intensity, and cr the surface density of electrifica-

tion. Now each line or tube of force is drawn from one unit
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charge, so that <r denotes also the number of tubes of force

proceeding from unit area. Hence the mechanical force on the

surface is the same as though each tube exerted a pull equal to

y/2. Thus the mechanical forces in the field are the same as

though the tubes of force were in a state of tension, the tension in

a tube at each point being measured by one-half the electric

intensity at that point.

The electric intensity f just outside a charged surface is

47rcr/&, and, since cr also denotes the number N of tubes of force

per unit area, the electric intensity at any point of the field is

Thus N = -.
4>7T

Hence the tension due to the tubes of force across unit area is

If the tensions were the only stresses in the field, the tubes of

force obviously would all tend to gather together, and run in

straight lines from the positive to the negative charges. In order

to represent completely the state of the dielectric medium, in cases

where the tubes of force are not straight, we must also suppose
that the tubes repel each other, so that a lateral pressure exists at

right angles to the lengths of the tubes. It may be shown by
mathematical analysis that the requisite pressure also has the

numerical value / 2

^/8?r, which is equal to the tension along the

length of the tubes per unit area of cross-section.

23. As an example of a simple system, let us consider

The ener in
^wo Para^e^ planes charged with equal and opposite

the dielectric quantities of electricity. The total energy is, ac-
medium. ,. p

cording to 19,

where e is the charge on one plane, and Fa F2 the difference of

potential between the planes.

Since the electric intensity/ between the planes is uniform,
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where t is the distance between them. Now, if a- be the surface

density,/ is ^ira-jk, and a- is therefore fk/^w. Thus the energy

=-
But At, the area of one plane multiplied by the distance between

the planes, represents the volume of the dielectric stratum. Thus

the energy per unit volume is fty/Sir ;
and this expression has

a form which is independent of the particular limitations of the

system chosen. At any point in a dielectric field, then, the energy

residing in a surrounding volume, small enough for the intensity

throughout it to be uniform, is/
2

&/87r per unit volume.

24 An elastic mechanical system, such as a spiral spring

stretched by a load, possesses potential energy when
Analogy with J

a strained strained, and one of the essential features of the

electric theory, as formulated by Faraday and

developed mathematically by Clerk Maxwell, consists in tracing

the analogy between a dielectric medium subject to electric

forces and a medium strained mechanically.

An elastic system, where the force F is proportional to the

displacement x, possesses potential energy equal to the work done

in stretching, which is \Fx. The expression for the electric energy

per unit volume of insulator,/ 2

&/8-7r, may be written as

when its analogy with the mechanical energy

%F.x

is manifest. Corresponding to/ the electric force, we have F the

mechanical force, and corresponding to x, the mechanical displace-

ment, we have the quantity /&/4-7T, which, on this analogy, was

called by Maxwell the electric displacement, though it is perhaps
better described by Faraday's older name of dielectric polarization.

The view which locates the energy of an electric system in the

dielectric medium must be regarded as one of the most important
and fundamental -conceptions in modern physical science. The
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germ of the idea is to be found in Franklin's work, by which he

showed that the charge of a Leyden jar or other condenser resided

in the glass or other insulator which separated the two coatings.

Cavendish, too, clearly recognised the effect of the dielectric on

the capacity of his condensers.

But it is to the instructive genius of Faraday that we owe the

first definite formulation of the new theory. As we have already

stated, Faraday regarded induction as
" an action of the contiguous

particles of the dielectric, which, being thrown into a state of

polarity and tension, are in mutual relation by their forces in all

directions." It is not too much to say that this hypothesis was

the guiding star in all Faraday's researches in electrostatic fields.

The wonderful relations between apparently unconnected phe-
nomena discovered by Faraday, Maxwell, and their followers, are

the best evidence in favour of the trustworthiness of their faith.

Faraday had no facility in mathematical analysis, and his

ideas, though fruitful indeed in his own case, only dominated the

work of others when translated into definite mathematical form by
his great successor Clerk Maxwell. If, as indicated above, the

energy of the electric system resides in the dielectric medium,
there should be an exceedingly minute fraction of a second

required for an electric impulse to pass from one body to another

a time, during which, short though it may be, the energy is passing

through the dielectric medium, and is unconnected in any way
with conducting bodies. Such ideas led Maxwell to the theory of

electromagnetic waves, and enabled him to calculate their velocity

by methods we shall study hereafter. The concordance of the

theoretical value of this velocity with the observed velocity of

light, led directly to the theory that light is a series of electro-

magnetic waves in the dielectric luminiferous medium.

These ideas we shall examine in future chapters ;
here we are

concerned chiefly with electrostatic phenomena. But, even in these

phenomena, Faraday's views lead to modifications in our funda-

mental conceptions. Instead of fixing our attention on the charges,

and forcing us to frame theories of incompressible fluids to explain

the ideas in our rninds, Faraday asks us to ignore the charges, and

seek an explanation of electrostatic manifestations in the concep-
tion of energy residing in the dielectric medium, by virtue of stresses
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and strains therein. The so-called charges on conductors in the

electric field are but the free ends of the strained intervening
substance. The charges serve to demonstrate the state of strain, as

a spring balance, inserted into the middle of a stretched india-

rubber cord, may be used to show the tension.

Electric forces can act across a vacuum, hence material media

are not necessary. We are led to refer the stresses and strains

here described to some all-pervading medium, which may be

modified, but not excluded, by the presence of ordinary matter.

We shall see later that the medium it is necessary to conceive in

order to explain electric and magnetic phenomena is identical in

properties with the medium required to explain light.

Faraday's tubes of force, and Maxwell's electromagnetic equa-

tions, fixed the centre of interest in the dielectric, till the work

of the last few years has made it necessary to ask what happens
at the ends of the tubes of force, and again to examine into the

nature of the electric charges. To such points we shall return

later.

25.

Dielectric

currents.

Fig. 31 represents the system of tubes of force which

connect the opposite plates of a parallel plane con-

denser. Most of these tubes run straight from one

plate to the other, but, near the edges, tubes leak out, and some
few join the back of the plates.

Now let us suppose that the two plates are connected together

Fig. 31.
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suddenly by means of a metallic wire. In a minute fraction

of a second the condenser is discharged, and the whole system
of tubes of force, representing the state of strain in the dielectric

medium, vanishes.

In order to trace the process of their disappearance, three

things must be borne in mind: (1) the tubes are in a state

of tension, and thus tend to contract
; (2) they repel each other

laterally ; (3) they end on conductors, the free ends of the tubes

representing charges of positive and negative electricity.

While the condenser remains charged, the tubes of force are

in equilibrium under their own tensions and pressures. When,

however, a metallic connexion between the plates is established,

the charges near the ends of the wire are free to move. That is

to say, the ends of the tubes which are anchored to the charges

(or, rather, which themselves constitute the so-called charges) drag
their anchors. A tube of force with its ends at different points on

the same wire will contract under its own tension, and its opposite

ends will approach each other. The tube will shut up, and be

obliterated.

The disappearance of one tube leaves the medium in a state

of unstable equilibrium ;
the lateral pressure of that tube is

removed, and neighbouring tubes will be pushed by the unbalanced

pressure of other tubes successively into the wire. In this way
the dielectric field is relieved of strain, and the tubes of force

are destroyed.

During this process, a current of electricity is said to flow

along the conducting wire. On the view we are now considering,

that current is represented by the process of the tubes of force

dragging the charges to which their ends are anchored along the

wire under the tension of the tubes. The heat developed by the

current is the result of the friction produced by the resistance of

the conductor to the drag of these anchors.

In a later chapter we shall see that an electric current

possesses something analogous to inertia, and that the process

of discharge consists of a series of oscillations. The current

alternates, and passes first in one direction and then in the

other; it diminishes gradually in intensity till it dies away
and the charges are dissipated.
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The electric current is measured by the amount of charge

passing per second, and, considering unit area of the planes, the

current entering it is measured by the rate of change of cr the

charge per unit area. Now, as we 'saw on p. 37, cr is equal to

/&/4-7T, which itself (p. 55) represents the strain in the dielectric

medium, or the dielectric polarisation.

Thus an electric current is represented by a change in the

dielectric polarisation, and a circuit such as that we have been

considering is completed by the dielectric medium. On the

older view, the process of charging the condenser is imagined as

the flow of the opposite charges along the two wires on to the

plates, somewhat as two separate streams of water might be

supposed to flow along two pipes into two reservoirs. On the

theory of Faraday and Maxwell, we must imagine this process to be

similar to a transient current flowing round a closed circuit till,

owing to the strains in the dielectric medium, the opposing electro-

motive force set up in one part of the circuit becomes sufficient

to produce equilibrium. In this part of the circuit no slip occurs,

and all the energy put in remains as the potential energy of

dielectric strain. In the wires, slip occurs with consequent friction,

and the energy which enters sets up no opposing strain : it is all

dissipated in the friction of electric resistance, and appears as heat

in the conductor.
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CHAPTER IY.

MAGNETISM.

Early history. Principal magnetic phenomena. Variation of magnetic force

with distance. Interaction of two short magnets. Magnetic potential.

Terrestrial magnetism. Magnetic induction. Experiments on magnetic
induction. Theories of magnetism.

26. THE lodestone (or leading stone), a magnetic oxide of iron,

was known to the ancients, and, since it was first
Early history.

found near the town of Magnesia in Lydia, received

the name pdyvrjs. Lucretius appears to have known that the

lodestone attracts iron, and that iron itself, when in contact with a

lodestone, acquires magnetic properties.

The first practical application of magnetic properties was the

invention of the mariner's compass, and, as so often happens, the

interest aroused by a practical application led to a great develop-
ment of the theoretical side of the subject.

It has been stated that the magnetized steel needle or mariner's

compass was early known to the Chinese, but, however this may
be, descriptions of it seem first to have appeared in European
literature about the 12th century, coming probably from Saracenic

sources, though the references indicate that it had been known for

some time.

A compass-needle points not directly north and south, but in

a magnetic meridian making an angle, called the declination or

variation, with the geographical meridian.

Stephen Burrowes discovered that this angle changed in the

course of a voyage; and, in 1683, Halley showed that the differences

in the declination observed at sea were not due to the effect of

neighbouring land, but must depend on the magnetic properties
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of the earth as a whole. In 1698 he was appointed captain of an

exploring ship, and, with this command, undertook a voyage which

lasted two years, for the purpose of elucidating the phenomena
of terrestrial magnetism. Halley, who afterwards succeeded

Flamsteed as astronomer royal, also pointed out the importance
of the slow secular change in the declination, which between 1580

and 1692 had changed from 11 15' east to 6 west. The existence

of smaller variations, both annual and daily, was noted by Graham
about 1719.

About 1544 Georg Hartmann, vicar of St Sebaldus, Nuremberg,
observed that a needle, pivoted to move freely in a vertical plane,

dips down towards the north when magnetized by a lodestone. This

dip was rediscovered in 1576, and carefully investigated by Robert

Norman, a mariner, and in his own words, a hydrographer. Norman
found that at London the angle of dip was 71 50'. This angle too

is subject to periodic change. .

From 1540 to 1603 lived William Gilbert, of Colchester, who,
besides the electrical researches to which we have referred in the

first chapter, in his great work De Magnete, collected all that was

then known on the subject of magnetism, and added many new
and valuable observations. To Gilbert we owe the conception of

the earth as a huge magnet, and the first exact studies which

virtually founded magnetism as a science.

27. A steel needle, magnetized by stroking with a lodestone,

Pnnci ai
^^ P^vot*e(^ so as to ^e n'ee * turn horizontally,

magnetic sets in the magnetic meridian its ends or poles
phenomena.

point, one towards the north and one towards the

south. The line joining these poles is known as the magnetic axis,

and, for a thin needle, coincides with the geometrical axis. A
magnetized mass of steel of whatever shape, however, still possesses
a magnetic axis, which, if the mass were free to turn both vertically

and horizontally, would always lie in the magnetic meridian.

With two pivoted compass-needles, it is easy to show that two

north-seeking or two south-seeking poles repel each other, while

two unlike poles attract each other. Here there is an obvious

analogy with electric phenomena, but, unlike electric forces, mag-
netic effects are observed to any great extent with iron only, and
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act with equal intensity across the intervening medium whatever

be its nature, provided it is not of iron. Screens of paraffin,

ebonite, copper and all other non-magnetic bodies, produce no

change in the force with which one magnet acts on another,

though, as we have seen (p. 20), such screens diminish or destroy

electric action. Again, an electric conductor can be given an

isolated charge of positive or negative electricity, but a magnet
must acquire an equal south-seeking pole when north-seeking

magnetism is impressed upon it. In this respect, the substance

of the magnet is more nearly analogous to the dielectric medium,
at the boundaries of which equal and opposite electric charges are

always to be found.

Just as electric charges are induced on conductors by the

presence of charges in their neighbourhood, so magnetic poles

appear on pieces of iron placed near a permanent magnet. A
permanent north-seeking pole will induce a south-seeking pole on

the nearer portions of a block of iron, and a north-seeking pole on

the further portions. This explains the attractions observed

between a permanent magnet and pieces of iron originally un-

magnetized. Filings, for instance, will cling to the poles of a

magnet and even form long chains: poles are induced on each

filing and the opposite poles of neighbouring filings cling together.

A difference in behaviour between soft iron and steel becomes

apparent at this stage of our experiments, and is of importance.

The readily-induced magnetism on soft iron is temporary. If the

inducing magnetic force be removed, the induced magnetism is

destroyed by a very slight shake or shock, or by a small magnetic
force in the reverse direction. With steel, on the other hand,

while the induced magnetization is less intense for a given mag-

netizing force, it is much more permanent, and a considerable

fraction of its intensity will survive even rough usage. Heating,

however, will destroy all magnetization in any case. At a critical

temperature of about 700 to 900 Centigrade, both iron and steel

cease to be magnetic substances. On cooling, they regain their

magnetic properties, but any actual magnetism they possessed

before the heating will have disappeared.

The clinging filings to which we have referred, indicate

clearly the points from which the forces originate, that is, the
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poles of the magnet. The poles are not situated quite at the ends

of the bar, but at points some little distance from the ends. Like

the lines of electric force, magnetic lines of force may be defined as

curves drawn through the magnetic field, so that, at each point of

their length, the tangent to the curve gives the direction of the

resultant local magnetic force. If filings are sprinkled over a card,

below which a magnet is placed, pictures of the lines of force are

readily obtained. A figure showing these lines has already been

given to illustrate the idea of electric lines of force, and will be

found on p. 50 (Fig. 27).

28.

Variation
of magnetic
force with
distance.

As in the case of gravitation and electric force, the

magnetic force of a single pole is found by experi-

ment to vary inversely as the square of the distance.

So general is this form of law for all kinds of force

acting from a point-source, that, from this group of

experiences alone, we might almost conclude that the inverse

square law is a general property of our conception of space, rather

than" a relation depending on the nature of the particular forces.

A modification of the torsion balance enabled Coulomb ap-

proximately to establish the law in the case of magnetic poles, as

well as in that of electric charges. The disturbing effects of the

opposite poles, which must necessarily exist, and can only be

removed to moderate distances, make the experiment somewhat

inaccurate, and has led to the development of better methods.

All such methods depend on the measurement of the magnetic
force at a point by means of the

deflection of a magnetic needle from

its normal position of equilibrium.
Let NS denote the magnetic meri-

dian of the earth and let a magnetic
force F be applied along the magnetic
east and west line, at right angles
to the horizontal component of the

earth's force, which we will denote

by IT.

The magnetic needle ab is thus

deflected into the position shown,

at an angle with the meridian.
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If m be the strength of each pole, the horizontal force on it due to

the earth is Hm, and if I be the half distance between the poles of

the needle, the couple due to the earth is 2Hml sin 6. The couple

due to the applied magnetic force F is 2Fml cos 6. The quantity

2ml constantly recurs in magnetic problems, and is known as the

magnetic moment of the magnet. We shall denote it by the

symbol M. It may be defined as the strength of one pole

multiplied by the distance between the poles, and is clearly

measured by the couple exerted on the magnet when placed at

right angles to the magnetic force in a field of unit intensity.

When the magnetic needle we are considering is in equi-

librium, we get

or

It will now be clear that we can compare two magnetic forces

by comparing the deflections of the same compass-needle produced

successively by the forces. For in each case

If H be the same, the forces will be proportional to the tangents

of the angles of deflection.

The most accurate verification of the law of force due to a

magnetic pole is given by a

method due to Gauss.

Let us assume the inverse

square law, and compare some

of its consequences with ex-

periment. Let m denote the

strength of either pole of a

short bar magnet AB, and I

the half length between its

poles. At a point P on its

axis produced, at a distance r

from the centre of the mag-

net, the total force
Fig. 33.

(r-lY <r +
4>mlr

r4 -2r2
/
2 + I4

'
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Neglecting terms involving the squares and higher powers of the

comparatively small quantity I, we have

Now let us calculate the force at a point Q on the normal to

the axis through the centre of the magnet. Let OQ be made

equal to OP in the former experiment, and be denoted by r. The

forces due to the two poles act along AQ and BQ respectively, and

the resultant evidently acts from Q parallel to the axis of the

magnet AB. The value of this force is the sum of the resolved

components ;
thus

mF = 9 =
(AQY'AQ r2

2ml M

Again neglecting terms involving Z
2

/r
2
,
we have

M

It follows, then, as a consequence of the law of inverse squares
for the force due to a magnetic pole, that the force produced by a

short magnet in the first, or so-called end-on position, is double

the force in the second or broad-side-on position. Moreover, in

each position, the force due to the whole magnet varies inversely
as the cube of the distance from its centre. Both these results,

it is evident, depend on the assumption that the force due to a

single pole is that of the inverse square. If the force of a single

pole varied as the inverse nth power of the distance, it is easily

seen that the force due to the whole magnet, when it is short,

would diminish in the ratio of the (n + l)th power, and the force

in the end-on position would be n times that in the broad-side-on

position. We should have

n nM , _. M= and =-
W. E.
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In order to compare the magnetic forces produced by a magnet
at equal distances in the two standard

positions, a light mirror, with three or

four pieces of magnetized watch-spring
fixed behind it, may be suspended in a

small glass case in the earth's field by a

fine fibre of unspun silk. Its position of

equilibrium is noted by reflecting a spot

of light on to a scale. A short bar magnet
is then placed successively east and west of

the magnetometer mirror in the end-on

position, and the mean deflection measured.

The magnet is then placed with its centre

successively north and south of the mirror in the broad-side-on

position. The distance from the centre of the magnet to the

centre of the mirror is in each case made as nearly as possible

the same. It will be found that the tangent of the angular
deflection in the first position is very nearly indeed twice the

tangent of the angular deflection in the second position. More-

over, by changing the distance, it will be found that the tangent of

the deflection varies inversely as the cube of the distance. We
thus obtain an independent verification of the law that the

magnetic force of a pole varies inversely as the square of the

distance.

Fig. 34.

29. For the sake of example, let us consider two short

magnets in the end-on position relatively to each
Interaction of J

*,

two short other. Let r be the distance between their centres.

The magnet AB produces a magnetic force 2Jf/r
3 at

the part of the field where lies the magnet CD, and, if M' be the

A B

Fig. 35.

moment of the magnet CD, the couple acting on it when deflected

through an angle 6 is clearly

C
.

sin 0.
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If, instead of the couple, we wish to find the force of transla-

tion when the two magnets lie end-on to each other as in

Figure 35, we may proceed as follows. The force which AB exerts

at a distance r from its centre is 2M/r*. The total force it exerts

on the two poles (m' and m) of the magnet CD is

F=

And, neglecting squares and higher powers of the small quantity I,

7-7 ^mr ,6r
2
l' ,,2mTF = 2Mm - = 6M-

rb r4

Thus the forces vary inversely as the fourth power of the

distance, while the couples vary inversely as the third power.
These results hold whatever be the relative positions of the two

magnets, though of course the absolute values of the couples and

forces depend on the inclination of the magnets to each other.

Similar investigations may be made for other positions.

30. The difference in magnetic potential between two points

Magnetic i defined as the quantity of work required to carry
potential. an isoiated north-seeking magnetic pole of unit

strength from one point to the other. The absolute potential of a

point is then the amount of work required to bring such a pole

against the magnetic forces from a place of zero potential (or from

infinite distance) to the point considered, on the assumption that

the strength of the pole is small enough not to affect the magnetic
field.

The investigation given in 8 for the electric potential of a

point in air, at a distance r from an electric charge e, applies, with

the necessary change of symbols, to the case of the magnetic

potential of a point in air or any other non-magnetic medium.
The magnetic potential is ra/r, where m is the strength of an
isolated magnetic pole at a distance r from the point.

52
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To find the potential due to a short complete magnet, we must

consider the combined effect of its two

poles at a point P outside it. Join

P with the centre of the magnet,
and let the angle between OP and

AB, the magnetic axis of the magnet,
be 6. From A and B draw straight

lines AM and BN at right angles to

OP or OP produced.

The potential at P due to the

pole B is m/BP, and that due to the

pole B is - m/AP. Thus, if OP be

denoted by r, and OA or OB by I, the potential V at P due to the

magnet is given by

m m m m

or, neglecting terms involving the squares of the small quantity I,

2ml cos Mcos0

Terrestrial

magnetism.

31. The investigation of the

distribution of the

earth's magnetic force

can now be described. The total

force, at any place on the earth's

surface, acts at a certain angle
with the horizontal known as the

dip, and at a certain angle with

the geographical meridian called

the declination. The total magne-
tic force can be determined in

magnitude and direction by mea-

suring these two angles and the

absolute value of the horizontal

component.

Figure 37 shows a declinometer.

The magnet consists of a hollow
Fig. 37.
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tube, at one end of which is placed a piece of plane glass with

a scale on it, and at the other a lens with a focal length equal to the

length of the magnet-tube. Light from the scale will then emerge
from the lens as a parallel beam. The magnet is suspended by a

single torsionless fibre of unspun silk. The position of the geo-

metrical axis of the magnet is determined on the glass scale. The

magnet is then turned upside down and resuspended. The mean of

the two positions of the geometrical axis, as observed in the

telescope, gives that of the magnetic axis, and its direction relative

to that of some external object is found by means of the scale at

the foot of the instrument.

A dip-circle is shown in Figure 38. The plane of the circle

is set in the magnetic meridian, and the dip observed. To
eliminate the error arising from the axle of the needle not

Fig. 38.

coinciding with the centre of the circle, the positions of both ends

of the needle are read; to avoid the error due to the magnetic axis

not coinciding with the line joining the ends of the needle, the

needle is reversed, so that the face originally pointing east now
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turns to the west
;
to avoid the error due to the centre of gravity

not falling in the line of the axle, the needle is remagnetized, its

Fig. 39.
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poles reversed, and a fresh set of observations made. The mean
of all these results is taken as the true dip.

Both the declination and the dip vary from place to place over

the surface of the earth, and the results of such measurements as

we have described may be exhibited by maps, on which places of

equal declination and places of. equal dip are joined by isogonic

and isoclinic lines respectively. Another series of lines may be

drawn through places of equal horizontal magnetic force. These

lines, together with isogonic and isoclinic lines are shown in

Figure 39.

A different system of directional lines is due to Duperrey, and

consists of a series of lines traced by starting from any point and

following the direction of the compass-needle.
The slow secular changes in the magnetic angles at London

are shown in the subjoined table :

. Date Declination Dip

1576 71 50'

1580 11 15' E.

1600 72 0'

1622 6 O'E.

1657 0'

1672 2 30' W.

1676 73 30'

1723 14 17' W. 74 42'

1773 21 9' W. 72 19'

1787 23 19' W. 72 8'

1802 24 6'W. 70 36'

1820 2434i'W. 70 3'

1860 21 39' 51" W. 68 19'

1893 17 27' 0" W. 67 30'

1900 16 52' 40" W.

Besides these slow secular changes, diurnal variations of several

minutes of angle are observed. Moreover, rapid and irregular

changes, known as magnetic storms, frequently occur, often simul-

taneously with the formation of a sun-spot, and the occurrence of

brilliant auroral displays. Such variations are recorded at mag-
netic observatories by means of suspended needles, which, through
the use of mirrors, are made to record photographically the mag-
netic changes.
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By examining the relation which exists between the hori-

zontal and vertical components of the earth's magnetic force, it

has been shown that the mean values of the magnetic elements

are determined by causes below the surface of the earth, but that

the diurnal variation and magnetic storms are due principally to

changes going on above the surface perhaps to electric currents

in the rarefied upper regions of the atmosphere.

Having determined the angles of decimation and dip, we still

require to measure the magnitude of the horizontal component H
of the earth's magnetic force, in order to be able to specify

completely the magnetic state of a given place.

We showed in 28 that, at a point on its axis at a distance r

from the centre of the magnet, a short bar magnet produced a

magnetic force equal to 2M/r
3

. If, then, such a magnet be placed

with its axis east and west, it will deflect a small compass-needle

placed on its axis through an angle 6, given by the relation

- =H tan ........................... (1).

The angle 6 may be determined accurately by fixing the

compass-needle to a mirror, and observing the deflection of a spot

of light.

We thus obtain one relation between M, the magnetic moment

of the deflecting magnet, and H, the horizontal component of the

earth's force. To get a second relation, the bar magnet may be

suspended by a torsionless silk fibre in an instrument resembling
the declinometer of Figure 37 on page 68. The magnet is then

set oscillating through a very small angle about a vertical axis,

and its time T, of complete oscillation, measured with a chrono-

meter. The restoring couple is HMsmd, and, since 6 is small,

the couple for unit angular displacement is HM. Hence, from

the usual formula for harmonic vibrations, we have

HM"
The moment of inertia K may be calculated from the mass and

dimensions of the magnet, and we then obtain the value of H
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from the following expression, which may be deduced from equations

(1) and (2) given above,

2V tan V
'

while M, the magnetic moment of the bar

magnet, is given by the relation

Having thus found H, the horizontal

component of the earth's magnetic force, by

observing i the angle of dip, we know the

total magnetic intensity / and the vertical

component F, for

cos i
'

and F= / sin i H tan i.

^H

Fig. 40.

32. It is well known that magnetic substances like iron, when

Magnetic subjected to a magnetic force, themselves become
induction.

magnetized. Nickel and cobalt show similar pro-

perties, though to a much smaller degree. In all these cases,

a north-seeking pole, presented to one encl of a bar of the metal,

induces a south-seeking pole on the nearer end. Attraction

results, and the magnetized bar tends to move into the stronger

parts of the field.

If we examine a bar of bismuth in the same way, using a very

powerful electromagnet to produce an intense magnetic force,

these phenomena are reversed. A pole of the same name as the

inducing pole appears on the nearer end of the bismuth bar, and

repulsion follows. Bismuth always tends to move into the weaker

parts of the field
;

it is called a diamagnetic substance, while iron

and its like are known as paramagnetic substances.

By the use of the intense magnetic fields produced by powerful

electromagnets, all bodies may be shown to possess some slight

trace of magnetic properties. It is remarkable, however, that iron

shows these phenomena to a very much greater degree than any
other material known ;

unless an exception be made at some future
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time, in favour of certain rare metals such as erbium and others,

which, should they be obtained in a pure form, seem likely to equal

or exceed the susceptibility of iron.

Conditions of temperature exercise a determining influence in

all cases of substances which respond to magnetic forces. Iron

at ordinary temperatures is in many respects a different substance

from the non-magnetizable metal into which it is transformed above

its critical temperature ;
its magnetization, however intense, almost

entirely disappears within a range of a few degrees' increase of

temperature, and very marked alterations then take place also in

many of its other properties, such as its specific heat and electrical

conductivity. Nickel and cobalt are also affected by tempera-
ture in varying degrees ;

and certain alloys, notably those of iron

and nickel, exhibiting two critical temperatures, have shown such

great changes in magnetic properties with a change of temperature
that they may be said to exist in two conditions, one of which is

magnetic and the other not. In short, the magnetic properties

of any substance depend on the quality of the substance itself, the

amount of magnetization, and on the temperature.

The magnetization induced on a given bar of iron is evidently

measured by the resulting magnetic moment
;
but it is convenient

to have a unit which depends on the material only, and not on the

shape or dimensions of a particular bar. Hence we form the

conception of intensity of magnetization, and define it as the

magnetic moment per unit volume. The ratio of the intensity of

magnetization to the magnetic force producing it is called the

magnetic susceptibility. It should be said that the magnetic force

of this definition is the magnetic force actually effective within the

substance of the iron. Owing to the magnetism induced at the

ends of a piece of iron the effective magnetic force is less than

that applied externally, and depends on the shape of the iron.

This result is considered below in 33. The magnetic suscepti-

bility is not a constant, but depends upon the value of the

magnetizing force.

The magnetic force is defined as the mechanical force on a unit

north-seeking magnetic pole, and, as long as the force is measured

in air or other non-magnetic substance, this definition is free from

ambiguity. When, however, the force is to be measured in iron,
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it is necessary to imagine that we cut a cavity in which to insert

the measuring pole, and the resultant force on the pole will depend
on the shape of the cavity. Where the lines of force leave iron

and enter the cavity, a north-seeking pole is induced, and where

they re-enter the iron, a south-seeking pole. If the cavity is a

cylinder with its axis along the lines of force and its breadth

very small compared with its length (Fig. 41), the effect of the

ends is negligible, and the force within the cavity is still defined

as the magnetic force.

Fig. 41. Fig. 42.

If we take the other extreme case, and imagine the cavity in

the form of a narrow thin crevasse, with its plane normal to the

lines of force (Fig. 42), the effect of the induced poles on the

opposite faces of the crevasse becomes very marked. The intensity

/ of magnetization is defined as the magnetic moment per unit

volume of the iron. If we consider a certain volume of the iron in

the form of a rectangular block with one face on the side of the

crevasse, we have

tJL
~La'

where L is the length of the block, M its magnetic moment,
and a the area of its face on the crevasse. But the magnetic
moment of the block is defined as the strength of one of its poles

multiplied by its length. Thus

j
vnL m

j. ==
p

!=
,La a

a result which shows that, in such a case, where the magnetism of

the pole may be regarded as uniformly distributed over the end

of the iron, the intensity of magnetization is equal to the strength

of pole per unit area, that is, to the surface density of the

magnetism.
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The analogy between the crevasse in the iron and two parallel

metallic plates charged with opposite kinds of electricity to a

surface density <r, will now be apparent, and by 17 we see that

the magnetic force between the two faces, due to the magnetism
on them, is 4?r/. The total force on a unit pole in the crevasse

will be the sum of this quantity and the original magnetizing
force H, and this total force is defined as the magnetic induction,

and usually written as B. If the direction of the magnetic in-

duction coincides with that of the original magnetizing force, as we
have supposed, we get the relation

We have already defined the quantity known as the magnetic

susceptibility k as the ratio I/H. Thus

The ratio of the magnetic induction in the iron to the

magnetizing force is a useful quantity, and is called the magnetic

permeability, p. Therefore
/j,

is B/H, and we get

as the relation between the permeability and the susceptibility.

We have considered already the general form of the lines of

magnetic force, and traced their analogy with the corresponding
lines of electric force. On page 53 we developed the idea of lines of

force into that of tubes of force, and agreed to imagine one tube

of force as springing from one unit of positive electricity and

ending on one negative unit.

With regard to lines of magnetic force, a different convention

is adopted. Instead of drawing one line or tube of magnetic force

from each unit of magnetism, we draw through unit area in the

field, normal to the direction of the magnetic force, a number of

lines of force equal to the numerical value of the magnetic force at

that position. Throughout regions of the field in which there are

no magnetic substances, the lines of force will be continuous.



IV] MAGNETISM 77

When magnets, or magnetic substances, are present, further

consideration is necessary.

The laws of magnetic force are similar to those of electric force,

and Gauss' theorem, 12, and the deductions from it, hold equally

in the case of magnetism. Moreover, as we shall see presently,

the magnetic permeability //, corresponds with the dielectric

constant k. Let us draw round an isolated magnetic pole an

imaginary sphere. By analogy with the electric case considered

in 12, we then have the relation

where H is the normal magnetic force on each element of area of

the sphere, and ra the quantity of magnetism within the sphere,

that is, the strength of the magnetic pole.

Now the quantity HJJL is, by definition, equal to B the mag-
netic induction in the medium, and hence ^aHfju is *xB, a quantity

which clearly represents what we must call the total magnetic
induction over the surface of the sphere.

If we imagine the magnetic pole to be placed in air, and

surrounded by a hollow spherical shell of iron, we could still

apply Gauss' relation to the external surface of the shell in the

form

Drawing tubes of induction from the pole to inclose proper

elements of area, we see that the quantity B, the induction, is

continuous throughout such a tube whether it passes through one

medium or through more than one. This shows the importance

of the conception of magnetic induction : it is the vector quantity

which is continuous throughout any magnetic field.

If we draw through unit cross area surrounding a point

a number of tubes of induction equal to the value of the

magnetic induction at the point, in accordance with the usual

convention, it should be noticed that the number of tubes through

an area a is a.B. Hence, the total number of tubes proceeding

from a pole of strength m is 4?rm, and, from a pole of unit strength,

the number is 4?r. This result should be compared with the

electrical convention, by which one tube of electrostatic induction

. is imagined to spring from unit charge of electricity.
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These relations may be considered profitably from another

point of view, by supposing a narrow gap cut

in an iron circuit otherwise continuous. Let
f }

us take, for instance, the case of a ring of

iron, round which a continuous magnetizing
force is exerted by the action of an electric

current circulating in coils wound over the

ring. Across a thin cut in the iron, the

lines of force will run from one side to

the other, and, if the cut be indefinitely

thin, an indefinitely small number of lines

of force will escape at the edges of the cut 1
.

All the lines may then be imagined to run

straight from one side to the other. The

magnetic induction in the cut is

Fig. 43.

But, as we have seen above, of this induction, H is due to' the

magnetizing force, and 4*7rkH, or 4?r/, is due to the induced mag-
netism on the faces of the cut. But / is measured by the quantity

of magnetism m per unit area, and thus from each unit of area

the amount of induction is 4?rm. Now, as stated, the con-

vention'al mode of drawing magnetic lines of force is to draw

through unit area, normal to their direction in the field, a number

of lines equal to the force at that place. Thus, in the case now

under consideration, from each unit of area of the cut, 4?rw lines

proceed. From a unit pole, then, the number of magnetic lines of

force is 4-Tr, in accordance with the result already obtained.

The lines crossing unit area of such an ideal cut represent the

magnetic induction across the cut, and, also by what was said on

page 75, the induction in the iron across any section of the ring,

for it is possible to imagine an indefinitely thin crevasse cut

anywhere round it. Thus continuous lines of magnetic induction

1 In practice there would always be considerable leakage of lines, for a cut

of any finite thickness would throw back the poles some little distance from the

faces of the cut. This, however, does not affect the reasoning given in the text,

which is based on ideal conditions.
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may be imagined to pass round the ring, and across the intervening

gap. In air, these lines are also lines of force, but in iron the

lines of force would be
//,

times less in number than the lines of

induction, and, in crystalline media, need not necessarily coincide

with them in direction.

The induction B in the air gap is the force acting on a unit

north-seeking magnetic pole placed therein. In the iron the

induction is also B, since it is continuous. But B is pH, and thus

the magnetic force in the iron is
//. times less than in air.

The permeability /a in magnetism is now seen to be analogous
to the specific inductive capacity or dielectric constant k in

electrostatics. Just as the electric force in paraffin is k times

less than in air, so the magnetic force in iron is
JJL

times less than

in air, and the complete expression for the force between two

magnetic poles separated by a distance r is

v

While, however, the dielectric constant does not vary when the

electric force is changed, the permeability, as we shall see, depends
on the applied magnetic force.

Another analogy, between the magnetic permeability of iron

and the specific electric conductivity of an electric conductor, is

useful in the theory of electromagnetic machinery, and will be

considered in 57, Chap. vn.

The conception of lines of magnetic induction is of great

importance in electromagnetic theory, and will be used largely

in Chapter vn. It should be noted that while electric or magnetic
lines of force begin and end on electric charges or magnetic poles,

magnetic lines of induction have neither beginning nor end, but

form continuous closed curves.

The induction, by one pole of a permanent magnet, of an

opposite pole on a piece of iron in its neighbourhood will cause

the lines of force from the one pole to concentrate on the other,

just as the lines of force from the north-seeking pole of a magnet
in Figure 27 on page 50 concentrate on the south-seeking pole.

It follows that a piece of soft iron, placed in a uniform magnetic
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field, deflects the lines of induction so that they crowd through
the iron. For certain cases it is possible to calculate this effect,

and Figure 44, derived from Lord Kelvin's Reprinted Papers, shows

Fig. 44.

the distribution of lines of electric force in the analogous system
of a sphere of some dielectric substance, with a specific inductive

capacity greater than unity, placed in air in a uniform electric field.

The figure represents equally well the magnetic lines of induction

through a paramagnetic substance such as iron, placed in a uniform

magnetic field. When the permeability is very great, the magnetic
induction inside the sphere is 3H, where H is the magnetic force

in the undisturbed uniform field outside, while the magnetic force

in the iron is 3H//jt, a value very small compared with that

without.

Owing to this concentration of the lines of induction in para-

magnetic substances, thick iron screens may be used to protect

galvanometers or other magnetic instruments from the influence

of an external field. The shielding effect is much less complete
than the electrostatic shielding of conducting screens (p. 20), for

an electric conductor is analogous to a .substance of infinite

magnetic permeability.

33. In order to examine the magnetic properties of a sample
of iron, certain precautions are necessary. When a bar

Experiments ...
on Magnetic of iron is placed in a magnetic field, poles are induced

near its ends, and these poles will themselves exert a
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magnetic force on the substance of the bar. It is evident from

Figure 45 that the force due to

the induced poles acts in the

iron in the direction opposite to

that of the inducing force, and

thus a demagnetizing effect is

produced. With a short, thick bar this effect is considerable. The

magnetizing force which really acts on the iron is less than that

applied externally, and the resultant induced magnetization is less

than would be expected. The results of many early experiments
are useless from this cause.

The effect of the ends can be eliminated in several ways. We
may, if we please, use an endless ring of iron, and observe its

influence on the electromagnetic induction of currents in coils

wound over it by methods that will be described in Chapter vn.

We may, however, in certain cases, use iron rods, apply a

constant magnetizing force, and measure the resultant magnetiza-
tion by the usual deflection methods. If a bar in the form of an

elongated ellipsoid is used, it is possible to calculate the reverse

effect of the induced poles near the ends, or, by taking a long,

thin wire, with a length two or three hundred times the diameter,

the effect of the ends is so small that, in ordinary work, it may be

neglected.

We shall show in the next chapter that inside a long helical

coil of wire, called a solenoid, the magnetic field of force is uniform,

and equal in strength to 4-Tmc, where n is the number of turns of

wire per unit length, and c is the electric current flowing in the

coil measured in electromagnetic units.

An iron wire, or bundle of iron wires, placed inside a solenoid

so that the coil well covers the ends, will therefore be subject to

a uniform magnetic force of known and controllable strength.
At a considerable distance from the solenoid, at a point on its

axis produced, is placed a magnetometer, consisting of a suspended
needle and mirror as shown in Figure 34 on page 66.

The current is passed in series through the solenoid, and

through a small coil which is moved about till, whatever current

be passed, it just balances the effect of the empty solenoid on the

magnetometer needle. The iron is then inserted in the solenoid,

w. E. 6
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and a small current passed round the coils. The deflection of the

needle is due to the iron alone, and the magnetic moment M of

the iron is given by the relation deduced on page 72, namely

,, r>H\,&K0
JT

3
.

where H is the horizontal component of the earth's magnetic force,

r the distance of the needle from the centre of the iron, and 6 the

deflection of the needle. By determining the length and diameter

of the iron wire, its volume V is known, and the intensity / of

magnetization may be calculated, for / is M/ V. The susceptibility

k of the iron is the ratio of the intensity of the magnetization to

the magnetizing force H, the permeability JJL
is 1 + 4>7rk, while the

magnetic induction B is the product of /JL and H.

Another method, already referred to, which in some cases is

more convenient, depends on the induction of a secondary electric

current in one coil of wire by a variation of a primary current in

another coil in the neighbourhood. If both coils are wound over

an iron core, the induced electromotive force, being proportional

to the rate of charge of the magnetic induction, gives a means of

measuring the properties of the iron. This method is explained
in 53, Chapter vn.

The results of such experiments, by whichever method con-

ducted, can be represented graphically by plotting abscissa

proportional to the magnetizing force H, and ordinates pro-

portional either to the magnetic induction B, or to the intensity
of magnetization /.

Figure 46 shows a curve, obtained by Prof. Ewing, giving the

magnetic induction. When the magnetic force is small, less than

about one-tenth of the earth's horizontal force, the induction in

demagnetized iron increases nearly in proportion to the force, as

shown near in the figure. Then it rises much more quickly, but

finally increases from A onwards more and more slowly, till, at the

highest forces possible, the induction is only increased very slowly

by the farther increase of magnetic force, as from G to P in the

figure; here the intensity of magnetization becomes nearly constant,

and the iron seems to approach a state of magnetic saturation.

The existence of this state of saturation has been confirmed by
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subjecting iron to very much stronger fields than can be obtained

in coils carrying currents, where the field cannot much exceed

Fig. 46.

2000 units. By placing small iron bars in the concentrated fields

obtained between the poles of powerful electro-magnets, Ewing
and Low subjected them to fields approaching 20,000 units of

strength. The induction was measured by suddenly withdrawing
the iron and observing the induced current in a coil of wire

wound over it.

If, after reaching the point of saturation, the magnetic
force be decreased steadily, and measurements taken for differ-

ent forces, the curve of magnetization or induction does not

return along its old course. The iron exhibits magnetic reten-

tiveness, and, even when the magnetizing force is wholly

removed, keeps a large proportion of its total magnetization.
If the force be reversed, the induction falls rapidly, as shown

by the part EK of the curve. As the reversed force is increased,

the iron becomes saturated with the magnetization in the other

direction. On decreasing this force, retentiveness is again shown,

and the reversed magnetization is only removed when the force

is once more reversed; the curve then soon rises to L. A new

cycle of magnetic force does not cause the magnetization to pass

along the original path OA, but along the curve rising from L.

Iron may be demagnetized by heat, or by an alternating magnetic

field, the intensity of which is diminished gradually to the vanish-

ing point.

62
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The general lagging of the induced magnetization behind the

magnetizing force has been named by Ewing hysteresis. The

particular curve shown in Figure 46 must be regarded merely as

typical ;
the exact form depends on the sample of iron, and on the

treatment to which it is subjected. Curves are sometimes drawn

between the magnetic forceH and the intensity of magnetization /.

Such curves may be obtained from the curves giving the magnetic
induction B, as in Figure 46, by considering the relation

B = H + 47T/.

From the ordinates of Figure 46, the value ofH must be subtracted,

and the result must be divided by 4-Tr, in order to get the curve

of intensity of magnetization. It is also evident that the area of

the closed curve in the induction diagram of Figure 46 will be

4-7T times the area of the magnetization curve.

The areas of these curves have an important physical signi-

ficance, which will become apparent if we consider the work done

in putting a piece of iron round the cycle of changes represented
in the diagram.

We may imagine that we magnetize a magnet by separating
a series of very small equal and opposite quantities of magnetism
at one end, and carrying one of the separated quantities along the

magnet to form the other pole. If the magnet be indefinitely

short compared with its breadth, or if we imagine it to be cut

out of a solid block of material, the magnetic force H between

its poles will be uniform, and the work done in separating the one

small quantity of magnetism Sm from the other over the length

21 of the magnet is 2lHSm.

This infinitesimal shift of magnetism involves an infinitesimal

change 87 in the intensity of magnetization. If a be the area of

cross section of the magnet, we have (p. 75)

SI= Sm/a.

Hence the work done during the process we have described is

But 2la is the volume of the magnet. Hence, measured in

ergs, the work done per unit volume is
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By a process similar to that used on page 41, it follows

that, in a magnetization curve corresponding to the induction

curve in Figure 46, while the magnetization of the iron passes

along the curve from to P, the total work done, or 2H&I,
is represented by the area OPB

; while, throughout a complete

cycle of changes, the excess of the work done in magnetizing over

the work returned while demagnetizing, for unit volume of the

iron, is represented by the area of the hysteresis loop in a magneti-
zation diagram drawn between H and /. This work is dissipated

in the iron and appears as heat.

The area of the hysteresis loops on the B and H curves is, as

we have seen, 4>7r times the area of the corresponding loops on the

/ and H curves. Hence the work done in ergs is represented by

1/47T times the area of the B and H loops in Figure 46.

When iron is to be used in electromagnetic machinery, it is

important that a knowledge of the magnetic properties of different

samples should be obtained. For most purposes it is desirable

that the permeability should be high and the hysteresis small.

Practical instruments have been devised, whereby the permea-

bility may be estimated quickly by the tractive force exerted on a

standard block of iron by the sample to be tested when forming
the core of an electromagnet. The hysteresis effect may be

determined by an instrument invented by Ewing, in which the

lagging of the magnetization in the sample bar is made to exert a

force on a permanent magnet, in front of which the bar revolves.

The permeability (p = B/H) is not constant as the magnetic
force changes, as is seen from the varying slope of the curve in

different parts of the BH diagram, or from the following table of

experiments on strips of steel.

H B ^
1 1580 1580

2 4930 2465

3 7000 2333

10 11800 1180

20 13840 692

50 15800 316

100 16600 166

160 17980 112



86 ELECTRICITY [CH.

The permeability is greatest for moderate fields, where the curve

rises most rapidly, and falls off rapidly as the field increases and the

iron approaches saturation. At ordinary temperatures, for good soft

iron, it may vary from 2000 to 4000 c.G.s. units. For small values

of H, it increases considerably with the temperature, till a critical

temperature of 700 to 900 is reached, when the permeability falls

rapidly to unity, and the susceptibility vanishes, iron becoming a

non-magnetic substance till recooled. That this is connected with

the internal structure of the iron is shown by the fact that, at the

same critical temperature, the phenomenon known as recalescence

appears. If a piece of iron be heated above this temperature
till nearly white hot and allowed to cool, it changes to a dull,

almost invisible redness, and then brightly glows again as it

passes the critical temperature. This behaviour probably means

that a change in the crystalline structure of the iron occurs

about the temperature in question a change which involves

the absorption of latent heat. As the iron loses heat it may
become undercooled, just as water kept without disturbance

may be cooled below its freezing-point. When the structural

change sets in, it will then proceed rapidly, arid a large amount of

latent heat will be evolved; thus the temperature may rise

considerably. It is likely that some such structural change

produces the marked alteration in magnetic properties which

iron displays at the temperature of recalescence. The rise of

temperature is actually shown in the cooling curves given in

Figure 72, 46.

34. If a magnetized steel knitting-needle be broken in halves,

Theories of eacn na^ w^ be found to act as a permanent
magnetism. magnet; the strength of the individual poles being
then the same as the strength of the poles of the original needle.

This process may be repeated as long as the fragments of iron are

large enough to be broken each fragment retains its magnetic

properties. If the fragments were put together again, it is

evident that the intermediate poles would neutralize each other,

leaving the original poles of the whole magnet effective at the

ends of the chain. Such observations and considerations have
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suggested that magnetism may be an atomic or molecular

property, the individual atoms or molecules, or groups of molecules,

being imagined as diminutive magnets.
An explanation of the phenomena of gradual magnetization

was given by Weber, who suggested that, in an unmagnetized
iron bar, the axes of the individual molecular magnets lie in

all sorts of irregular and arbitrary directions. As a magnetic
force is applied, more and more of the molecules set so that

their axes point in the same direction. Contiguous poles of the

molecular magnets neutralize each other except at the ends of

the bar, where the effective poles of the whole magnetic system

appear.

That some rearrangement of the molecules is involved in the

process of magnetization seems indicated by the changes in volume

which then occur. Joule observed that the elongation of a bar of

of iron or soft steel on magnetization was, up to a certain point,

proportional to the square of the intensity of the magnetizing
force

;
but that it failed to comply with this relation some time

before the saturation point was reached. It has since been shown

that, if the magnetizing force be pushed beyond the strength with

which Joule experimented, the extension of the bar ceases, and it

gradually returns, first to its original length, and ultimately
recedes within that limit. Cobalt, on the other hand, contracts

in the early stages of magnetization and afterwards recovers its

original length, and increases rapidly with increasing intensity.

A bar of nickel appears to diminish in length throughout the

whole process of magnetization.
In order to explain the fact that the state of magnetic satura-

tion is not reached at once on the application of a small magnetic

force, Weber supposed that the motion of the molecular magnets
was opposed by a frictional resistance. But this does not explain
the phenomena of residual magnetization, and Ewing showed that

the supposition of friction was unnecessary as well as insufficient.

Ewing suggested that a collection, of little magnets, turning
without friction, would, even in the absence of a magnetizing

force, set themselves in stable groups under the influence of their

own mutual forces. The groups will have all sorts of configura-
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tions throughout the volume of the iron
;
the bar will possess

therefore no resultant magnetic moment. On the application

of a magnetic force of gradually increasing intensity, the first

effect is to deflect slightly some of the magnets from their

original position. This deflection will, for small angles, be

proportional to the magnetic force, and, if the magnetic force

be removed, the molecules will revert to their original state.

These relations explain the first stage in the actual magneti-
zation of iron the first part of the curve in the neighbourhood
of 0, in Fig. 46.

As the magnetic force is increased, some of the groups of

molecular magnets become unstable and break up. More and

more of the little magnets set in the direction of the impressed
force. When nearly all of them are so arranged, the iron ap-

proaches its state of saturation.

Ewing constructed a model, consisting of a number of small

compass-needles pivoted and placed on a board. The board was

fixed within a solenoidal coil of wire, through which an electric

current could be passed. In this way a hysteresis curve was

obtained a curve which reproduced in a very striking manner the

phenomena of the magnetization of iron.

The structure of the individual molecular magnets remains to

be considered. As we shall see in the next chapter, an electric

current flowing in a closed circuit acts as a magnet. Long ago

Ampere suggested that the conception of electric currents flowing

in minute circuits, round or within the individual molecules, might
furnish a more fundamental explanation of magnetic phenomena.

And, of recent years, this hypothesis has gained added significance.

As we shall see in the sequel, Prof. J. J. Thomson sees reason to

believe that the properties of atoms may be explained by the

supposition of negatively electrified corpuscles, which perhaps con-

stitute isolated electric charges, revolving in orbits within a sphere

of uniform positive electrification, whatever may be the exact

meaning to be attached to this expression. It has been shown

experimentally, by Rowland and others, that a moving charge of

electricity is equivalent to an electric current. The requirements

of Ampere's hypothesis are thus satisfied by the latest theory of
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the atom, though why iron should so far transcend all other known

substances in magnetic properties remains a problem for future

elucidation.
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CHAPTER V.

THE ELECTRIC CURRENT.

Discovery of the electric current. Voltaic cells. Effects of the galvanic

current. Relations between currents and magnets. Magnetic force

inside a solenoid. Magnetic force due to a long, straight current.

Ampere's hypothesis. A circular current. The tangent and ballistic

galvanometers. Electromotive force. Ohm's Law. Electric Resistance.

Wheatstone's bridge. Specific resistance. Comparison of electromotive

forces. Heating effect of an electric current.

35. THE different forms of apparatus for the production

of electricity, hitherto discussed, are all intended
Discovery of

. .

the electric primarily to enable us to give a static charge of

electricity to some insulated conducting body. It is

true that, if a conducting circuit be formed, connecting the

collecting apparatus of an electric machine with the rubber or

with the earth, a more or less continuous flow of electricity must

proceed along the circuit. Even in the most elaborate form of

influence machine, however, the amount of electricity passing in a

second is so small that it is difficult to detect the current in the

conducting wires
; though, if an air gap be interposed, the high

differences of electric potential produced by the machine result in

visible sparks and the attendant phenomena.
At the beginning of the nineteenth century, a new field of

research was opened up by the discovery of the galvanic or voltaic

cell. This arrangement gave rise to a series of phenomena

grouped originally: under the name of galvanism, which, by the

efforts of many observers, was gradually brought into relation with
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the older electricity. Faraday may be said to have established

finally the identity of the two manifestations. He showed that a

galvanic current was nothing more nor less than a flow of electricity,

enormous in quantity compared with that given by an electric

machine, but driven along by potential differences many thousand

times less than those involved in the older type of apparatus.
Since no accumulation of electricity can be detected at any point
in the circuit, it follows that the current may be represented

figuratively by the flow of an incompressible fluid along rigid and

inextensible pipes. We define the strength of the electric current,

as we shall see later, by means of the magnetic force it produces,
and therefore we must not define it by means of the quantity of

electricity passing. We must reverse this procedure, and make
a new definition of quantity of electricity. Unit quantity of

electricity passes any cross-section of a circuit when a current of

unit strength flows round that circuit for unit time. The relation

of this definition of unit quantity of electricity with the statical

definition based on the mechanical forces between charged bodies

will be considered in a future chapter.

The discovery of the voltaic cell was due to a chance observa-

tion, which seemed at first to lead in a different direction an

experience not uncommon in the history of scientific investigation.
About the year 1786, an Italian named Galvani noticed that the

leg of a frog contracted under the influence of a discharge from an

electric machine. Following up this discovery, he observed the

same contraction when a nerve and a muscle were connected with

two dissimilar metals, placed in contact with each other. Galvani

attributed these effects to a so-called animal electricity, and it was
left for another Italian Volta, of Pavia to show that the essential

phenomena did not depend on the presence of an animal substance.

In 1800 Volta invented the pile known by his name, which, in the

opening years of the following century, provided a means of

investigation yielding results of intense interest in the hands of

the discoverer and his contemporary workers in other countries.

The scientific journals of the time are full of the marvels of the

new science, the study of which was taken up with an ardour little

short of that shown a century later in the elucidation of the

phenomena of radio-activity.
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36. Volta's pile consisted of a series of little discs of zinc,

copper, and paper moistened with water or brine,
Voltaic cells.

placed one on top of the other in the order zmc,

copper, paper, zinc, etc.... finishing with copper. Such an arrange-
ment is really a primitive primary battery, each little pair of discs

separated by moistened paper acting as a cell, and giving a certain

difference of electric potential, the differences due to each little

cell being added together and producing a considerable difference

of potential (or electromotive force as it is now called) between the

zinc and copper terminals of the pile. Another arrangement was

the crown of cups, consisting of a series of vessels filled with brine

or dilute acid, each of which contained a plate of zinc and a plate

of copper. The zinc of one cell was fastened to the copper of the

next, and so on, an isolated zinc and copper plate in the first and

last cell respectively forming the terminals of the battery. Volta

thought that the origin of the effects was to be sought at the

junctions of the two metals; hence the order of the discs in the

pile and the terminal metal plates in air in the crown of cups.

These plates, and the corresponding discs in the pile, were soon

found to be useless, though they figure extensively in early

pictures of the apparatus.

If a current be taken from Volta's pile or crown of cups, that

current rapidly diminishes in intensity; this is due chiefly to a

film of hydrogen which forms on the surface of the copper plate.

In a later chapter we shall study the theory of such phenomena
under the head of electrolytic polarization. Here we are concerned

merely with the practical means adopted to eliminate its effects in

voltaic cells. Cells can be classed in three groups, according as the

depolarizing action is mechanical, chemical, or electrochemical.

The following examples may be given :

Cells mechanically depolarized. Smee's cell, where a silver

plate is covered with crystals of platinum, the sharp edges of which

aid the escape of the hydrogen.
Cells chemically depolarized. 1. The bichromate battery. The

zinc and carbon plates are surrounded with an oxidizing mixture of

sulphuric acid and a strong solution of potassium bichromate.

The hydrogen, instead of being evolved as gas, is oxidized to

water.
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2. The Leclanche cell, consisting of zinc in a solution of

sal-ammoniac, and carbon surrounded with a mixture of broken

carbon and manganese dioxide.

3. Grove's cell, where one plate is zinc in dilute sulphuric

acid, and the other is platinum in strong nitric acid contained in a

porous pot.

Cells electrochemically depolarized. 1. Daniell's cell, in which

zinc is placed in dilute sulphuric acid or a solution of zinc sulphate,

and a porous pot contains copper immersed in a strong solution of

copper sulphate. Copper is deposited on the plate instead of

hydrogen.
2. Latimer Clark's cell, used as a standard of electromotive

force. Here a zinc rod is placed in a solution of zinc sulphate ;

and mercury is covered with a paste of mercurous sulphate, which

deposits mercury when an electric transfer occurs.

37. As we have said, the discovery of the galvanic current

was made by the detection of its physiological effects
Effects of the J

.

galvanic on the leg of a frog. As soon as the invention of the

voltaic cell placed a more powerful instrument in the

hands of investigators, it was found that striking chemical changes

accompanied the flow of the current through water and aqueous
solutions. To these phenomena the early experimenters chiefly

directed their attention. A detailed study of this important
branch of our science will be found in the chapter on electrolysis,

and we shall now pass to other subjects.

It was soon found that, when passing through a conductor of

any kind, the current evolved heat, the amount of which depended
on the nature of the conductor. This thermal effect also will be

considered later. In this place we shall depart from the chrono-

logical order of development, and pass to another property of the

current, namely, its power of deflecting a magnetic needle. This

power was discovered by Oersted of Copenhagen in 1820. Its

importance for our present purpose lies in the fact that, by the

magnetic force which a given current will produce, the strength
or intensity of that current is, by general agreement, denned and

measured. Moreover, the magnetic effects of minute currents give
the most sensitive means of detecting them in metallic conductors.

By a convention universally adopted, we agree to suppose that
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an electric current flows in the direction of the positive electricity,

that is, from the zinc to the copper (or carbon) plate within the

battery, and from the copper to the zinc along the wire outside.

In accordance with this convention, the copper plate is called the

positive, and the zinc plate the negative terminal of the battery.

If a wire, along which a current is passing from south to north,

be placed over and parallel to a compass-needle, the north-seeking

pole is deflected towards the west. If the wire be placed below

the needle, witH the current still passing from south to north, this

deflection is reversed. Thus, if the wire be wound in a coil, so

that the current passes in one direction above the needle and

returns in the other direction below, the effects on the needle are

of the same sign, and the deflection is multiplied greatly. Such

an arrangement is known as a galvanometer. Except in special

cases, the chief use of a galvanometer is to detect the presence and

direction of electric currents; hence the object in designing a

galvanometer is to increase the sensitiveness
;

it is not usually

necessary to know the relation between the strength of the current

and the deflection of the needle.

A very sensitive galvanometer, invented by Lord Kelvin, is

shown in Figure 47. It consists of a coil of

wire closely surrounding a small suspended

mirror^ on the back of which are fixed several

pieces of magnetized watch-spring, as in the

magnetometer illustrated in Figure 34 on

page 66. As we have seen, the deflection of

a needle produced by a magnetic force F,

applied at right angles to the original position

of the needle, is given by

Fig. 47.

where H is the strength of the field (due to

tfye earth or other magnetic system) in which

the needle hangs. The deflection produced

by a given force, that is, by a given current, will thus be inversely

proportional to H, the strength of field. The sensitiveness of the

galvanometer therefore will be much increased by the use of a

control steel magnet, which can be moved into such a position that

it counteracts and nearly balances the earth's horizontal field of force.
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The sensitiveness has been increased still further by fixing to

a light rigid glass fibre two systems
of light steel strips with their poles
in opposite directions. The strengths
of these magnets are adjusted care-

fully till they are nearly equal as

well as opposite, and the astatic

system is then suspended by a

quartz fibre so that each half lies

within a coil. The current flows

in opposite directions in the two

coils, and the deflection is read

with a telescope and mirror. A
current of 10~10

ampere may thus

be detected.

Since a current produces a mag-
netic force, it will itself experience
a force when placed in a magnetic
field, whether that field is due to

permanent magnets or to other

currents. The phenomena of at-

traction and repulsion between cir-

cuits of wire, freely suspended and

carrying currents, were investigated

experimentally by Ampere, and the deflection of coils, placed in

the strong field of permanent

magnets, is now extensively
used in galvanometers of the

moving-coil type (Fig. 49). Such

instruments, while not quite so

sensitive as those already de-

scribed, have important advan-

tages. One of the chief ad-

vantages of these galvanometers
is their freedom from disturb-

ance when the external field of

magnetic force is liable to some Fig . 49 .

amount of variation, owing to

Fig. 48.
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the movement of masses of iron, etc. The field produced by the

permanent magnets is so very strong, compared with that of

the earth and other external objects, that a small variation in the

external field is inappreciable. In the d'Arsonval galvanometer,

the current is led into the coil by a phosphor-bronze strip, which

also acts as a means of suspension, and is taken out by a torsionless

coil of fine silver wire.

In practical ammeters and voltmeters, the moving coil is

Fig. 50.

mounted on pivots between jewels, and carries a pointer which

moves over a scale divided so as to read amperes or volts directly.

Fig. 50.

38. The experiments of Ampere and Weber showed that

coils of wire carrying currents acted in the same

manner as magnets of the same size and shape, and

of appropriate magnetic strength.

A long helical coil, which is called a solenoid,

will, for instance, produce an external magnetic field exactly

similar to that due to a bar magnet of the same shape and

dimensions as the coil, and, if balanced on two points, as shown in

Figure 51, will set like a magnet in the magnetic meridian of the

earth. As the length of the solenoid is decreased, the equivalent

magnet becomes shorter also, and, if the coil be imagined as

reduced to a single circle of wire, the equivalent magnet must be

rents and
magnets.
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represented by a circular disc of steel, magnetized in a direction

at right angles to its plane, so that one face of the disc is a large

flat north-seeking pole, and the other face a similar south-seeking

one. Such a disc is known as a magnetic shell. A magnetic
shell may be imagined as made up of a number of very minute

bar-magnets placed side by side, with all the poles of one name

pointing the same way.

Fig. 51.

If a small circuit be equivalent to a corresponding magnetic

shell, it must follow that the same relation holds for circuits and

shells of any size. A large shell may be imagined to be resolved

into a number of small shells of equal strength. Each of these

may be replaced by its equivalent current flowing round the edge
of the little shell; and, since the currents too must be of equal

strength, the currents along each internal junction line will cancel,

and we are left with one continuous current flowing round the

external edge of the large shell.

It will be evident that a closed electric circuit of any size and

form is equivalent to a magnetic shell of the same size and form,

with its edge coinciding with the wire carrying the current.

This equivalence between magnets and currents extends only to the

external magnetic fields which they produce. Inside the coils and

magnets the conditions are different.

As we have seen in 28, the effect of a magnet at outside

points depends on a quantity known as the magnetic moment.

In the case of magnetic shells, it is convenient to use a correspond-

ing quantity which does not depend on the size or shape of the

shell. Hence we define the strength of a magnetic shell as the

magnetic moment per unit area. From the experimental equi-
valence between currents and magnetic shells, it follows that the

w. E. 7
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electromagnetic unit of current may be denned theoretically as that

current which is equivalent to a magnetic shell of unit strength.

If two circular currents be placed parallel to each other, it is

clear that, if the currents circulate in the same direction in each

circuit, the equivalent magnetic shells will have poles of opposite

name facing each other. Thence follows a result readily verified by

experiment, namely, that currents flowing in the same direction

attract each other, while currents flowing in opposite directions

repel each other.

In 30, we found that the magnetic potential of a short bar-

magnet at a point at a distance r from the centre of the magnet
was M cos 0/r

2
,
where 6 is the angle between the magnetic axis of

the magnet and the line joining its centre to the point considered.

If we imagine the magnet shortened till it becomes vanishingly

short, we get a small magnetic shell, and the same expression

still gives the potential at *an external point.

We defined the strength S of a shell as the magnetic moment

per unit area. Thus S is M/a, and the potential V is given by

Now a cos 0/r
2 measures the solid angle w which the shell subtends

at the point P. Hence

V=Svr.

For a large shell, the potential is the sum of the potentials due

to the small shells of which we may suppose it to be constituted.

Thus, if O be the solid angle subtended by a magnetic shell of any

size at an external point P, the potential at that point is equal to

the strength of the shell multiplied by the solid angle which it

subtends at the point, for the strength of the shell is uniform all

over its surface, and

Since currents are equivalent to magnetic shells, a similar

expression gives the magnetic potential at a point due to a current

c. If fl denote the solid angle subtended at the point by the

circuit in which the current flows,
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unit current, in accordance with our definition, being taken as

equivalent to a shell of unit strength.

Let us imagine a circuit of wire of any form through which

passes a current c. Its magnetic effect on points outside it will

be the same as that of the equivalent magnetic shell. At a point

indefinitely near the plane of the shell, the solid angle which the

shell subtends is half that of the whole surrounding sphere, or 2?r.

The potential at that point due to the equivalent current is

therefore 2?rc. At a corresponding point on the opposite side of

the plane of the shell or current the solid angle is 2?r, and the

potential is 2?rc. Thus the difference of potential between

these two points is 4?rc.

The difference of magnetic potential between two points is

defined as the work done against the magnetic forces in carrying a

unit north-seeking magnetic pole from one to the other. Thus,

if we take a unit north-seeking magnetic pole from a point just

outside the plane of a shell or current to a corresponding point on

the other side, the path being in air round the edge of the shell or

current, the work done is 4?rc.

To pass through the shell, and regain the original point, we

must suppose the pole taken up through a hole in the shell.

Here the work is clearly reversed, and, when we regain the original

point, the total work done vanishes, as, indeed, follows from the

principle of the conservation of energy. But here appears a differ-

ence between currents and shells. In completing the path round the

current, there is no steel to pass. The path is completed through

air, and there is clearly no discontinuity of force. Thus the work

done in taking a unit north-seeking magnetic pole completely
round from one side of the current to the other is not appreciably
added to by taking it through the indefinitely short path required
to complete the circuit and return to the original point : the

total work is still 4-Trc.

This difference between magnets and currents is significant.

It depends on the fact that in the current we have a source of

energy maintained elsewhere, from which we may draw when

moving a magnetic pole in the neighbourhood. In a magnet
we have no such source of energy, and no work can be gained
or lost by moving a pole so that in the end it returns to its

72
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starting-point. The equivalence between shells and currents

does not hold when we deal with points within

them it applies to external points alone.

But, it will be noticed that the magnetic force

due to the current is everywhere equivalent

to the magnetic induction due to the shell
;

magnetic force is continuous in air, but mag-
netic induction is continuous in any field,

simple or complex, magnetic or non-magnetic.

Ifwe suppose that the two points on opposite

sides of the plane of the current lie very

near one edge, the work done against the

magnetic forces must be due entirely to that

portion of the current in the neighbourhood. Thus, whenever

a unit north-seeking magnetic pole is made to circulate once

round a current c, work to the amount of 4?rc is done.

39. An application of this result enables us to deduce the

value of the magnetic field inside a solenoid, that is,
Magnetic
force inside a helical coil of wire through which passes a current.
a solenoid. . . .

A

Let us imagine that an isolated magnetic pole of

unit strength is carried along a path AB inside and parallel to the

axis of a portion of a very long

solenoid (Fig. 53). Let the

pole be then brought out be-

tween the wires of the coil,

taken outside along the path

DE, and returned to the inside

of the coil between the wires

along the path EA. By 38, the work done is 4?rc for each

turn of wire surrounded by the path, and, if n be the number of

turns of wire per unit length of the coil, the total work done is

E D

Fig. 53.

. AB.

The lines of force of the solenoid will be similar to those of

a bar-magnet, except that, instead of ending on the poles, they

form continuous curves by running back along the inside of the coil.

Thus, inside the coil, all the lines of force are crowded into a small

space, but outside, the same number are spread throughout the
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whole field. If the coil be very long, then the number of lines in

the region DE is vanishirigly small compared with the number inside

the coil. Along DE the force is negligible, and the work done when

the pole is taken along it is negligible also. The portions BD and

EA of the paths run at right angles to the lines of force, and, along

them also, the force vanishes, and no work is done. The whole of

the work throughout the path is concentrated into the length AB,

and, throughout that length, the magnetic force is, by symmetry,

uniform. Writing this magnetic force as H, the work is H .AB and

Thus

Nothing has been said about the distance of the line AB from the

axis of the coil, and the result holds for all places inside the

solenoid. The field of force, then, is uniform everywhere inside

the solenoid, and acts in the direction parallel to the axis.

This result has been used already in describing the experi-

mental method of determining the magnetization of iron, and is of

great importance in the theory and manufacture of electromagnetic

machinery.

40. The expression 4-Trc for the work done in carrying a unit pole

. round a current enables us also to calculate the force
Magnetic lorce

due to a long, due to a long, straight current. Since the magnetic
straight cur- .

rent. Ampere's force of the equivalent shell must act normally to

the surface, it follows that the lines of force due to

the current are circles surrounding the wire with their planes at

right angles to its length. These circular lines

of force may be mapped out by a compass-

needle, or by sprinkling iron filings over a

card threaded by the wire. By carrying a unit

magnetic pole round the wire once, an amount

of work equal to 4?rc is done. The length of

path of the pole is STTT, where r is the radius

of its orbit. The force is uniform over such

a circular orbit by symmetry, and the magnetic
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force, which is defined as the force on a unit north-seeking

magnetic pole, at a distance r from the wire, is given by

H=*m 2c

It was shown by Ampere that the magnetic effects of complete
currents were the same as though each element of length SI of

the current produced its own magnetic force at a point equal to

cBl sin 0/r
2
,
where 6 is the angle made by the elementary length

with the line joining it to the point at a distance r. The

conception of an isolated length of current is not in accordance

with modern views of the electric current, which is now regarded
as essentially a flow round a complete circuit. Mr Heaviside,

however, has evaded this difficulty by the conception of what he

calls the "
rational current element."

Let us imagine that a circuit is formed of a short straight

element of current SI, and of lines of current-flow in the sur-

rounding space ;
the lines being those mapped out by the lines of

magnetic induction of a short bar-magnet. The current all passes

along the element SI in one direction, and returns by many paths

spreading through the neighbourhood to form a closed circuit.

This system constitutes Heaviside's rational current element. We
must trace two properties of such elements :

(1) If two elements be placed together, the lines of current

flow which formerly diverged from each end of one element will

now pass along the second element before diverging, just as do the

lines of induction if two short magnets be placed together to form

a longer one. And, as a long magnet may be made up of any
number of short ones, all poles disappearing except those at the

ends, so current elements may be joined together, and all the lines

of flow will pass through the elements in series before diverging

from the ends of the chain. If we carry this process to its

conclusion, and form a closed ring of current elements, all current

will flow round the ring, and none will spread through the sur-

rounding space we have, in fact, the analogue of a complete ring

of iron, when the lines of induction circulate round the ring and

never leave the iron. We see, then, that a closed chain of rational

current elements forms a closed circuit of the kind actually known
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in practice, when all the current flows within the circuit, and none

spreads through the neighbouring medium.

(2) The second important property of the rational current

element is the production of a

magnetic force in accordance

with Ampere's formula. Let AB
(Fig. 55) be the short length

of the current element. Lines of

return flow spread out from A
and converge again to B. These

lines are, by hypothesis, co-

incident with the lines of in-

duction given by a short magnet

lying at AB.

With its centre at 0, a point

on the axis of AB produced,

describe a circle, the plane of the circle being normal to the axis

of AB. Let us calculate the total magnetic induction through
this circle due to a magnet at AB. The number of lines of

induction through AB is equal to c the strength of current, and

from each end of the element AB, the lines diverge uniformly.
The number which threads the circle round is measured

by c/4?r per unit solid angle, 4?r being the measure of the solid

angle which -a complete sphere subtends at its centre. If a)A and

a>B denote the solid angles subtended by the circle at A and B
respectively, the total induction through the circle is

and, by analogy, this denotes also the amount of current passing

through the circle when the hypothetical magnet is replaced by
the hypothetical rational current element.

Now join A and B to any point P on the circumference of the

circle, and parallel to BP draw AQ to meet the radius OP of

the circle in Q. Draw QK perpendicular to AP. The quantity
WA <*B is the solid angle subtended at A by the annular ring

described by the revolution of PQ round the circle, and this solid



104 ELECTRICITY [CH.

angle is sensibly equal to that subtended by the ring described by

QK. Hence

where r denotes the distance AQ, which is sensibly equal to A P.

Draw AN perpendicular to BP
;
we then have

AN
Q)A 0)B = 2-7T . OP

= 2-7T . OP

r*

SI sin

where 6 is the angle between AB and BP, and SI is written for

the element of length AB.

We are now in a position to calculate the magnetic force H at

the point P due to the rational current element. By symmetry,
the lines of magnetic force due to the current must coincide with

the circumference of the circle OP, and we know that the work

done in taking a unit magnetic pole round that circle is measured

(1) by 2-7T . OP . H and (2) by 4?r times the current enclosed by the

path. Thus, we get the equation

TT cSl sin 6
or z-

^ .

in accordance with Ampere's formula.

By the two properties (1) and (2) of Heaviside's rational

current element, we have justified the use of Ampere's formula in

calculating the magnetic forces due to complete current circuits of

any size and shape. The resultant magnetic force of any circuit is

equal to the sum of the forces due to its individual rational current

elements.

We may therefore use Ampere's formula to calculate the

magnetic effects of different currents, whether those currents be

continuous ones carried in conductors, or the nights of charged

particles which have become recently of so much importance.

Ampere's formula may also be applied to calculate the mechanical

forces between circuits, or circuits and magnets. The magnetic
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force due to the current element being cBl sin 0/r
2
,
and that due

to a magnetic pole of strength ra being ra/r
2
,

it follows from

the principle of equivalence between currents and magnets that

cBl sin is equivalent to ra. Now
if a pole ra be placed in a magnetic
field where the induction is B, the

mechanical force on it is Em. Thus

on the current element the me-

chanical force is BeU sin 6, the

direction of the force being at right

angles both to the current and to

the lines of induction, and 6 de-

noting the angle between the lines

of induction and the direction of the current.

A long straight current produces at a distance r a magnetic
force 2c/r. If a second long straight current c be brought near

and parallel to the first, the mechanical force on a length I must

be 2cc'//r. Since this force acts at right angles both to the current

and to the induction, it is a direct force of attraction between the

currents if they flow in the same direction, and a direct repulsion
if they flow in opposite directions.

41. For a circle of wire carrying a current c, Ampere's formula

A circular f r the magnetic force due to an element of current

leads to a very simple result. The distance from the

centre is everywhere uniformly r, and sin 6 is everywhere unity.

For each element of current the magnetic force at the centre of

the circle is therefore c&l/r
2
, and, for the whole circumference,

27rcr _ 2-7TC

r2
'

r

This result gives a convenient means of putting our definition

of unit current (p. 98) into a more practical form. Unit current

is evidently that current which, when flowing in a circle of radius

r, produces at the centre a magnetic force of 2?r/r.

The importance of this result makes it desirable that the mag-
netic force at the centre of a circular current should also be
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derived directly from the idea of the equivalence of currents and

shells, without the use of Ampere's hypothesis.

Let AB represent a circular current, and its centre. We
will calculate the magnetic force at P, a

point on the axis of the circle. The

magnetic potential at P is by 38 equal

to cH, where c is the current in electro-

magnetic units, equivalent to the units Q
of strength of magnetic shell, and XI the

solid angle subtended at the point by
the circle.

The solid angle is measured by the

area of the spherical cap, drawn through
Fig. 57.

AB with P as centre, divided by the square of the distance AP.
The area of the cap is equal to that of a cylindrical ring of equal

depth, cut from the cylinder which touches the sphere, of which the

cap forms part, by two parallel planes, one containing the circle

AB, and the other touching the top of the cap at Q, a point on

PO produced. Thus, the area of the cap is %7rAP . OQ, and the

solid angle which it subtends at P is ZirAP .~OQ/AP*.
The magnetic potential at the point P is given by the

relation

AP*

Thus, if we denote the distance OP by x, and OA, the radius of

the current, by r, we have

AP'

= 27TC 1- X

Now the magnetic force F in any direction x is, by the definition

of potential (| 8), equal to the rate of decrease of the magnetic

potential per unit distance in that direction, or d Vjdoc. Thus,

Fss _dT
dx

r2= 27TC
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and this result gives us the magnetic force at any point on the

axis of a circular current. It may also be derived directly from

Ampere's formula. We can find the magnetic force at the centre

by putting x = 0, when

in accordance with our previous result.

If the current be made to pass n times round the circle, the

force will be n times as great ;
the magnetic force at the centre of

a coil of n turns of wire is given by

The mechanical force between two circular currents requires

mathematical analysis, except in simple cases. One such case

consists of two circles of equal radius r, placed parallel with a

distance d between their planes, d being very small compared with

r. We may then apply our result on page 105 for two long

parallel currents, and obtain at once the expression 4<7rrcc'/d for the

mechanical force between the two circles, c and c being the

respective currents.

42. We are now in a position to measure a current of

electricity in absolute electromagnetic units, and it

Ind baSfsSc wiU ^e useful to consider exactly the meaning of such

meters
a measurement-

The proportionality between a current and the

magnetic force it produces is a matter of definition. We do not

prove that the magnetic force is proportional to the current, but

we agree to define the strength of a current as the strength of

the hypothetical magnetic shell, which may be imagined to replace
the current, and to produce the same magnetic field. Then, in one

of the two ways we have given, we calculate the magnetic force of

the shell which is equivalent to a current flowing in a circular coil

of wire.



108 ELECTRICITY [CH.

We may now suspend a compass needle at the centre of such a

coil, and place the plane of the coil in

the magnetic meridian, so that the needle

lies in that plane when no current passes.

If the coil is large and the needle short,

its ends will never be far from the centre

of the coil, and the needle may be con-

sidered to lie in a uniform magnetic field,

the direction of which is normal to the

magnetic meridian and the plane of the

coil. For convenience in observing, a

light and long pointer is fixed to the

needle at right angles to its length,

or a mirror arrangement may be

used. In accordance with the principles
Fig. 58.

described on p. 64, the needle will be deflected by this magnetic
field F through an angle 0, which is given by the relation

H being the horizontal component of the earth's magnetic force.

Thus, if a current c flow round n turns of wire arranged in a

large circular coil of radius r, we have

or
2-7TW

For accurate work, it is necessary to take account of the fact

that all the turns of wire do not lie in a single circle. For rough
work, r may be put equal to the mean radius of the coil.

The quantity 2-Tm/r depends only on the dimensions of the

galvanometer, and, if we call this quantity the galvanometer-
constant and denote it by G, we get

If we keep the instrument always fixed in one position in the

laboratory, and no masses of iron are moved in the neighbourhood,
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the local value of H can be found once for all, and we may write

all the constants of our equation as a single reduction factor k, and

obtain the useful formula

c = k tan 6.

It is interesting to calculate the percentage error involved in

assuming, as we have done, that the needle lies in a uniform

magnetic field.

A small pattern tangent galvanometer is often seen in ele-

mentary laboratories. The diameter of the coil is about 20 centi-

metres, and the length of the needle about 2 centimetres. If in

such a case the needle were deflected through 90, its ends would

lie each 1 centimetre from the centre of the coil.

At a point on the axis of a circular coil, at a distance x from

the centre, we have seen (p. 106) that the magnetic force is

27rcr2

/(r
2 + #2)1, while at the centre it is 2irc/r.

Now r2

/(r- 4-O1
,
in this case, is equal to 100/(101)* or about

100/1015, while l/r is 1/10. Thus the percentage difference is

about 1'5, and we see that, with the rough instrument we have

described, results accurate to about one and a half per cent, should

be obtained if the coils may be assumed to lie in a single circle.

The accuracy can of course be increased by using larger coils

or shorter needles. Still more exact results can be obtained by
placing two or three coils parallel to each other so that the coils

lie on the surface of a sphere at the centre of which the needle is

suspended.

The tangent galvanometer gives us our first practical means
of measuring a current in absolute, electromagnetic units. As a

practical unit, a current equal to one-tenth of the electromagnetic
unit is chosen, and called the ampere.

It is sometimes necessary to measure, not the strength of a

steady current, but the whole quantity of electricity which passes

during the time of flow of a transient current, such as is obtained

by the discharge of a condenser, or by electromagnetic induction.

A galvanometer adapted for this purpose must have a small needle,

so that it lies in a uniform field of force. The moment of inertia

of the suspended system must be high, and the time of swing

great, so that all the current has passed before the needle has
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moved appreciably from its position of equilibrium. An impulse
is thus given to the needle, and, by the usual mirror arrangement,
the extreme limit of its first swing or throw may be observed.

The instrument is called a ballistic galvanometer, and the following

investigation gives the theory of its action.

Let AGE be the position of equilibrium of the magnet, and

A'CB' the limit of its swing through an angle ft

(Fig. 59). Draw A'D, B'E at right angles to

ACB. Then the lengths AD and BE represent

the equal distances through which the poles of

the needle are moved against the direction of the

horizontal magnetic force H of the earth. If m
and m are the pole strengths, the work done is

Zmll.AD. But if I be the half length of the

needle,
AD = CA-CD = l(l- cos ft),

and the work done by the earth's field in stopping
the swing is

2mHl (1
- cos ft)

= MH (1
- cos ft),

where M is the magnetic moment of the needle. This work must

be equal to the kinetic energy of the needle at starting on its

swing, i.e. to \K^, where K is the moment of inertia, and tir the

initial angular velocity. Hence

2MH (1
- cos

ft)}

-v/f K
Now the moment of the force produced on the needle by the

action of the current c is MGc, where G is the galvanometer

constant, and, if the current last for a time &t, the impulse is

MGcSt. For the whole time of flow of the transient current, the

total impulse is then MGjcdt. Now c$t is the amount of electricity

passing during the time 8t, and fcdt is the total amount q of

electricity passing through the galvanometer. Thus the impulse
on the needle is MGq, and this must be equal to the moment of

momentum KTS of the needle. Hence -sr is equal to MGqjK.
We now have

MGq _ /(^MH (I -cos ft)

K
}

}'
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and thus

= 2 sin 1/3

If there be no appreciable friction on the needle, and conse-

quently no appreciable damping of the swing, the period T of one

complete oscillation is

T7
m _~ ' ^

Hence, substituting for K/M in the equation for q we get

HT .

^-^smJ/3.

If the damping be appreciable, the complete mathematical

investigation shows that

where A, is the so-called logarithmic decrement, that is, the natural

logarithm of the ratio of the amplitudes of successive swings.

43. In dealing with the phenomena of electrostatics, we had

Electromotive occasion to introduce the conception of electric

potential, and we defined the difference of potential

between two points as the work done against the electric forces

when unit quantity of electricity was carried from one point to

the other.

When an electric current flows along a wire, we conceive that

electricity is passing, and thus the two points along the wire must

be maintained by some means at a permanent difference of

potential. We may, if we please, consider the maintenance of this

potential-difference as the function of the electric battery or other

source of current.

In the science of current-electricity, it is usual to call a

difference of potential an electromotive force. The name is not a

happy one, for an electric force f should have the physical dimen-

sions [force/quantity of electricity], and be related to potential-

difference F, or [work/quantity of electricity], by the equation
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The use of the name, however, is established firmly, and the

convention will be accepted in this book.

The electromotive force between two points in a circuit, then,

is defined as the work done against the electric forces when one

electromagnetic unit of electricity passes from one point to the

other.

To connect the electromotive force with the current, another

definition is needed. On the conception of a current by which we

regard it as analogous to the flow of an incompressible fluid, in 35,

we have already defined the electromagnetic quantity of electricity

as that quantity which we must suppose to pass each cross-section

of a circuit when unit current flows round the circuit for unit time.

Thus it follows that our definition of the electromotive force

between two points is equivalent to saying that the electromotive

force is represented by the work done against the electric forces

when unit current passes between the two points for unit time.

On the system of units based on the centimetre, gramme and

second (c.G.s. system) the unit of work is the erg. The unit

electromotive force, then, is the difference of potential which

exists between two points if one erg of work is done when one

electromagnetic unit of current flows between the points for one

second. We shall consider the experimental determination of this

unit in the sequel. It will be found to be inconveniently small

for ordinary purposes, and a practical unit called a volt, which is

108 absolute or electromagnetic units, is employed.

Differences of potential, or electromotive forces, can be

compared by electrostatic means. If the potential differences

are great, they may be demonstrated by a gold-leaf electroscope,

and even the small electromotive force of a voltaic cell may be

measured fairly accurately in arbitrary units by means of a

quadrant electrometer.

The electromotive force of a cell as thus measured will be

found to depend on the materials and nature of the cell only, not

on the dimensions of the plates or the amount of liquid used. If

several cells be joined together in series, with the zinc plate of

one cell clamped to the copper of the next and so on, the plates

clamped together must be at the same potential. Thus, if the

negative terminal of the first cell be joined with the earth, and
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taken as at zero potential, the negative pole of the second cell

must be at the potential of the positive pole of the first, that is,

at a potential e, where e is the effective electromotive force of

each cell. The difference of potential between the plates of each

cell being the same, in passing from the negative to the positive

pole of the second cell the potential again rises by e, and the

potential of the positive pole of the second cell is 2e. Similarly,

if n cells be joined together in series, the potential of the positive

terminal of the nth cell is ne, and this is the value of E the

effective electromotive force of the battery of cells. The con-

clusion may be confirmed by experiments with a quadrant
electrometer. We now see that, by increasing the number of

cells in series, any required electromotive force may be applied

to a given circuit.

44. The first to introduce exact ideas on this subject was

Dr G. S. Ohm, who in 1827 replaced the prevalentOhm s Law. x *

Electric vague notions of
"
quantity

"
and "

intensity
"
by the

resistance. , ~ .,
. . ,

definite conceptions of current-strength and electro-

motive force. He also stated the law called by his name, which

expresses the experimental result that the current-strength
between two points of a circuit is directly proportional to the

applied electromotive force. Ohm verified his ideas by ex-

periments with voltaic cells and thermoelectric piles (see 52),

and found that, along a homogeneous linear conductor, the rate of

fall of potential is constant.

Ohm's law, that the current c varies as the applied electro-

motive force E, may be stated in the form

c = kE,

where & is a constant known as the conductivity of the conductor.

Another mode of statement, more usually adopted, is to say that

or E=Rc,
where R is a constant which, like the conductivity, depends only
on the nature, dimensions and temperature of the conductor. This

constant R is called the resistance.

W. E. 8
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Lightning is well known to melt conductors which it strikes,

and these effects were imitated on the small scale by the sparks

from electric machines by Franklin and others. At an early date

in the history of current electricity, it was noted that heat was

developed in wires connected with the two poles of voltaic

batteries, and in 1821 Sir Humphry Davy described to the

Royal Society experiments which showed that the amount of

heat liberated varied greatly with the nature of the metal. The

development of heat was referred to the resistance offered by the

wire to the passage of the current, and the relative amounts of

heat produced by the same current in different conductors were

taken as inversely proportional to their relative conducting powers.

In 1826 similar experiments were made by Sir W. Snow Harris

with discharges of statical electricity obtained from a battery of

Leyden Jars.

The definite conceptions of current and electromotive force

introduced by Ohm, led to an equally definite idea of electric

resistance, as a constant depending only on the nature, dimensions

and temperature of the conductor. It became possible to compare
two resistances by applying to them the same electromotive force,

and measuring the relative strengths of the resulting currents.

The unit of resistance is evidently to be defined as the

resistance through which unit electromotive force will maintain

unit current. If electromagnetic units of current and electro-

motive force be used, the electromagnetic unit of resistance

follows. With practical units, through unit resistance, one volt

will maintain a current of one ampere. This resistance is called

the ohm, and is 109 absolute electromagnetic units.

With the limit of accuracy at present possible, the ohm has

been found to be equivalent to the resistance of a column of

mercury of 1 square millimetre in cross section and 106*3

centimetres in length, the temperature being that of melting ice.

This conducting system is easily reproduced, and, for con-

venience, a practical definition of the international ohm has been

adopted on these lines. To avoid certain difficulties of measure-

ment, the definition runs thus : A column of mercury of uniform

cross section, 106'3 centimetres in length, and of mass 14'4521

grammes, at the temperature of melting ice, has a resistance of

one ohm.
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Fig. 60.

Even should increased accuracy of experiment show differences

between the true theoretical ohm and this definition, it is probable

that the definition will

still be kept as describing

the practical unit.

Standard coils of one

or more ohms are now

made, and their error

determined by the Board

of Trade or the Nation-

al Physical Laboratory.

Figure 60 shows a good
form of standard ohm coil.

The wire is bare, and

made of a platinum-silver

alloy. It is wound on

a mica frame, and im-

mersed in an insulating

oil, of which the temperature is observed with a thermometer.

This arrangement insures the coil being at the indicated tempera-

ture, and, in this respect, is much better than the more common
method of coating resistance coils with silk, paraffin or other

solid insulator, which are bad thermal conductors. The leads

connected with the ends of the coil are made of thick copper

bars, which may be joined to an electric circuit by means of

mercury cups or, still better, cups filled with fusible alloy.

The conception of electric current as a continuous flow of

electricity through the substance of the conductor, combined

with the experimental relation known as Ohm's law, enables us

to predict the resistances of systems of two or more conductors

arranged in different ways.

If a series of conductors, AB, CD, EF, . . . (Fig. 61) be connected

together in series,

the end B of AB I I h
11 i, ^u A ^sVc DIE FIG H

will be at the

same potential as

the end C of CD clamped to it, and similarly with the ends D
82
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and E, etc., provided, always, that the conductors are made of

the same material. The current c must, since no accumulation

of electricity occurs, be the same throughout the series of

conductors, and, if El} E2 ,
... be the potential-differences between

the ends of the different conductors, and rlt rz ,... their respective

resistances,

Considering the whole series as one conductor, with a resistance R
and a potential difference of E, equal to the sum of the potential
differences Elt E2 ,

... etc., between its ends, we have also

E

Now

Thus cR = cr-t + cr2 4- crs + . . .,

or

Another important case occurs when the conductors have all

their beginnings connected to-

gether and all their ends

connected together, as in

Fig. 62. With this arrange-

ment, the conductors are said

to be in parallel or multiple

arc. The current c flowing in

at A must, by our principle, be the sum of the currents clt C2 ,
... in

the branches C, D, .... The difference of potential E between the

ends of each branch is obviously the same. We have

C = G! + C2 + C3 4- . . .

Fig. 62.

Considering the whole system between A and B, we have

E
'-I'
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Thus 1.1+1+1 + ....R rj r2 rs

The reciprocal of the resistance of a conductor may be called

its conductivity, and we may express our last result by saying that

the conductivity of a series of conductors arranged in parallel is

the sum of their individual conductivities.

These results for conductors in series and parallel may be

verified experimentally, and thus a confirmation be obtained of

Ohm's law and of the justness of the conception of the current

as analogous to the flow of an incompressible fluid through the

conductors.

By measuring the resistances of wires of different diameters

but of the same material, it is found that, with direct continuous

currents, the resistance of a wire varies inversely as its area of

cross section. This follows also theoretically if we imagine the

wires first arranged in parallel and then to coalesce. It follows

that the current flows through the substance of the conductor

and not over its surface. This result, however, does not hold for

rapidly alternating currents.

The principles of continuous current-flow which we have now

established may conveniently be applied to complex circuits and

networks of conductors in the form of two statements known as

KirchhofFs laws.

1. The algebraical sum of the currents which meet at any

point is zero.

2. In any closed circuit the algebraical sum of the products
of the current and resistance in each of the conductors in the

circuit is equal to the electromotive force in the circuit.

The first of these laws expresses the result that there is no

accumulation of electricity anywhere in the circuit, the second

follows from Ohm's law as applied to each complete circuit to be

found throughout the network.

45. A very exact method of applying Ohm's law to the

wheatstone's comparison of resistances was introduced by Christie

bridge. an(j Wheatstone about 1843. The apparatus is

known as Wheatstone's bridge.
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The circuit of a voltaic cell (Fig. 63) is made to branch at A
into two arms ACB and

ADB, which rejoin each

other at B. Let the

current flow from A to

B, so that the potential

VA at the point A is

higher than the poten-

tial VB at the point B.

As we pass along
the arm ACS, the potential falls from VA to VB ,

and the potential

Vc at C must have some value intermediate between VA and VB .

But, along the lower area ADB the same fall of potential occurs,

so that there must be some point D in the lower arm which has

the same potential as the point C in the upper arm.

If one terminal of a galvanometer be connected with C, and the

wire from its other terminal be moved along ADB till it comes

to D, the terminals will then be at the same potential, and no

current will flow through the galvanometer. When this is the

case, then, we know that Vc is equal to VD .

When no current flows along the cross connexion CD, the

current GI in the arm AC must all pass out along the arm CB,

and the currents in these arms be the same. The current c2 in

the arm AD must be equal to the current in the arm DB.

Let P, Q, R, and $ denote the resistances of the four conductors

AC, CB, AD, and DB respectively. Then, by Ohm's law, we know

that, for each conductor, the electromotive force is equal to the

product of the current and the resistance, and we get the relations

VA -Vc =Pci, and Vc -V =Qcl ,

V V PV A ~~* V r* -*

or V-V

Similarly
R
8'

and, since Vc
= VD when no current passes through the galvano-

meter, we have PR
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Thus, if we know 8 and the ratio P/Q, we can calculate the

value of the resistance R. If 8 be constituted to be a definite

number of ohms, R is known in ohms also.

The practical application of these principles is effected in one

of two ways. In the wire bridge, a long thin uniform wire,

preferably of platinum-silver or some similar alloy, is stretched

alongside a scale, as shown in Figure 64. The ends of this wire

are soldered to thick copper bars of negligible resistance, and a

coil of known resistance is inserted in the gap in the bar at R.

The coil to be compared with R is inserted in the gap 8. A
galvanometer is connected with the screw D, between R and $,

and with a travelling jockey, which, by the pressure of a key,

Fig. 64.

makes sharp contact with the wire at C. The position of the

jockey is varied till, on pressing the key, no current flows through
the galvanometer. When this is the case, 8 is given by the

quantity RQ/P. It is easy to show that the sensitiveness of this

arrangement is greatest when R and 8 are equal, and the jockey

consequently near the middle of the bridge wire. Thus, a coil

should be selected for insertion in R of approximately the same

resistance as the coil to be compared with it.

For the second type of mea-

surement, an arrangement of coils

known as a resistance box is re-

quired. The brass blocks A and B
in Figure 65 are connected inside the

box through a coil of wire of known
resistance. The coil is doubled on

itself and wound on an insulating Fig. 65.
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bobbin in this way in order to avoid the effects of self-induction

( 55). The resistance of the coil may be cut out of the circuit

by inserting a brass plug as shown between A and B. With a

series of such coils any required resistance can be thrown into or

taken out of the circuit.

One arrangement of coils, sometimes known as a Post-office

box, is shown in Fig. 66. Plugs are taken out of P and Q so as to

5000 2000 1000 IOOO 5OO 2OO Ioooooo

Fig. 66.

give a convenient ratio, and S is then adjusted till the bridge is

balanced, when R can be calculated. By making the ratio of

Q to P equal to 10 to 1, a single ohm coil in S is equivalent to O'l

of an ohm in R. Thus fractions of an ohm may be measured.

A second, and in some ways, more convenient arrangement of

coils is the dial box, shown in Figure 67. The ratio arms are

Fig. 67.

similar to those of the Post-office box, but the arm 8 is made up
of coils placed in groups of units, tens, hundreds, and thousands.

In the unit dial, single ohm coils join the sectors marked 1, 2, 3,
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etc. to each other in series. By inserting the plug opposite 3, for

instance, three ohm coils are put between the central brass core of

the dial, and the zero sector, which forms the other terminal.

Any resistance up to 9999 ohms can be taken out of the arm 8 by

changing the position of the four plugs in the dials.

A modification of the wire-bridge arrangement, due to Professor

Carey Foster, enables us to

find the difference in re-

sistance between two coils

with extreme accuracy. A
stretched wire (Fig. 68) is

soldered to copper bars as in

the usual form of bridge, but,

instead of two gaps in the

bars, there are four. In the

two middle ones, on each

side ofthe galvanometer con-

nexions, are placed two equal
coils E, E'

, kept in the same conditions and at the same

temperature. In the two outer gaps, beyond the battery con-

nexions, are placed the two coils the difference of which is

required; let us call their resistances X and Y. Let us adjust
the jockey along the wire till the bridge is balanced. Let the

length of wire to the left of the jockey then be such that its

resistance is x. Now suppose that we interchange the two coils

X and Y, and find a new position of balance for the jockey, such

that the resistance of the wire to the left of the jockey is y. The
two equal arms, which form one pair of arms for the bridge, being

unchanged, the resistances of the other two arms of the bridge
must be unchanged also, and thus the new arm to the left, namely
Y + y, must be identical with the old arm in the same position,

namely X + x. Thus

X-Y=y-x,
or the difference of resistance between the two coils is equal to the

resistance of the length of wire between the two positions of

equilibrium of the jockey. This resistance can be found with great

accuracy by measuring the total resistance of the whole length of

the wire, and calibrating it throughout.
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Specific
resistance.

46. The resistance of a conductor as hitherto considered

depends on the shape and dimensions of the con-

ductor as well as on its nature and temperature. It

is evidently convenient to form the conception of some quantity
which depends only on the nature and temperature of the substance

conducting, and not on the particular shape or dimensions of the

particular specimen employed. It is usual to take the resistance

between opposite faces of a cube of the substance, with a length of

side of one centimetre, as the specific resistance of the material.

It would, of course, usually be impossible, and always inconvenient,

to measure the resistance of such a body directly. Its resistance

can, however, be calculated from that of wires, or other convenient

masses of the substance, by the aid of the results given on

page 117, which show that the resistance of a wire or other

conductor of regular form is directly proportional to its length,

and inversely proportional to its area of cross section.

The following table of specific . resistance is taken chiefly from

results given by Fleming and Dewar in 1893. The specific

resistances are expressed in microhms per centimetre cube, a

microhm being the millionth, or 10~6
,
of an ohm. A second column

gives the resistance in ohms of a column of the material 1 metre in

length and 1 square millimetre in cross section.

Mean temperature
coefficient per degree
between and 100 C.

00400

00377

00406

00428

00625

00367

00072*

The resistance of alloys is, in general, much higher than that

of pure metals, the effect of a very small admixture being some-

* This figure gives the approximate temperature coefficient of mercury near

20 C., as determined by Matthiessen.
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times surprisingly great. The temperature coefficients of alloys
are usually lower than those of pure metals, which is an advantage
for the construction of resistance-coils, etc., though it is seldom

worth while to obtain a low temperature coefficient at the cost of

permanence in properties, a quality in which some alloys seem to

be deficient. Fleming and Dewar give the following figures.

Temperature
Compositions in Specific coefficient

Alloys per cents. resistance at 15 C.

Platinum-silver Pt 33, Ag 66 31-582 '000243

Platinum-iridium Pt 80, Ir 20 30'896 '000822

Platinum-rhodium Pt 90, Rd 10 21-142 '00143

German-silver Cu 50, Zn 31, Ni 19 29*982 '000273

Platinoid German-silver with a
little tungsten 41 '731 -00031

Manganin Cu 84, Mn 12, Ni 4 46'678 -0000

It should be stated here that the resistance of all metallic

bodies depends not only on their chemical composition, but also on

their physical state. Differences in processes of annealing, etc.,

which affect the crystalline structure of the metal, are found also

to change the specific resistance. Tables of specific resistances

and temperature coefficients, then, should only be regarded as

strictly applicable to the particular specimens used by the experi-

menters, though, as approximate guides, such tables may be of

general use.

The resistance of metallic conductors, unlike that of electro-

lytes to be studied hereafter, increases with rising temperature.
The most recent and complete experiments on the resistance of

metals throughout a wide range are those of Dewar and Fleming,
who carried their observations to very low temperatures by the

use of liquid air and other liquefied gases. The diminution of re-

sistance at these low temperatures is very marked, and, when curves

were drawn, it seemed as though the resistance of all pure metals

would vanish in the neighbourhood of the absolute zero. Further

experiments, however, at the extreme cold of liquid hydrogen,
indicate that, before such temperatures are reached, the curves

tend to become parallel to the axis the resistances to approach a

limiting value.

The resistance of wires of pure platinum, and its variation with
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temperature, have been the subject of many experiments. It was

shown by Callendar that, if such coils of wire be placed in

porcelain tubes or protecting cases made of glass, and carefully

preserved from all strain by loose winding, the resistance was a

function of the temperature only. At a given temperature, the

resistance always had a definite value, irrespective of the treat-

ment to which the wire had been subjected previously. This

property of consistency is the first and last essential for a

trustworthy thermometer, and platinum resistance thermometers

are now used extensively not only for high and low temperatures,

where other methods are impossible, but also at ordinary tempera-

tures, in cases when the difference of two temperatures is required

with extreme accuracy.

Figure 69 shows a platinum thermometer, and Figure 70

shows the form of wire-bridge which is now usually

employed to measure its resistance. The electrical

arrangements are a modification of those of Carey
Foster's bridge, and will be understood by a reference

to Figure 68 on page 121. E and E' are two equal arms

as before. The platinum thermometer is placed in the

position marked X, and in the position marked Y is

inserted a coil of wire made of some substance with a

negligible temperature coefficient, or else a coil kept at

a constant temperature. In order to allow for the

variation with temperature of the conducting leads in

the platinum thermometer a variation impossible to

calculate a pair of dummy leads are fixed alongside

the real leads in the tube. These compensating leads

are connected together below by a short piece of plati-

num wire. Whatever irregular heating or cooling

happens to the real leads, happens also to the dummy Fi

~
69

leads, which consequently suffer a change of resistance

equal to that of the real leads. The dummy leads are inserted in

the arm T of the bridge, and thus compensate automatically the

variations of resistance of the real leads in the arm X. As the

temperature of the thermometer is raised, the position of equi-
librium of the bridge moves along the stretched wire from left to

right. The range of the instrument can be increased by adding
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to the left part of the bridge-wire the resistance coils shown in

Figure 70. From the theory of Carey Foster's bridge, it follows

Fig. 70.

that equal increases of resistance of the platinum coil correspond

with equal movements in length along the bridge-wire. Thus, by

dividing the wire into equal lengths, we obtain a scale of

temperature degrees, which we may call the platinum scale. The

possibility of thus dividing the wire into equal lengths, correspond-

ing to equal increments of temperature, constitutes the advantage
of this form of bridge for the present purpose. If the platinum
thermometer were inserted in the arm S of the original form of

Wheatstone's bridge, shown in Figure 64 on page 119, no such

possibility would exist.

Callendar has shown that the platinum temperatures as thus

obtained may be reduced to the scale of the gas thermometer

by means of the following empirical parabolic formula for the

difference between the two scales :

10000 ioo 100

where t is the temperature on the gas scale, tp the temperature on

the platinum scale, both expressed in centigrade degrees, and 8 is

a "difference-constant" the value of which for pure platinum is

about 1*5, but varies slightly for different specimens. It can be

determined by standardizing an instrument in ice, steam, and the

vapour of sulphur, which, at normal atmospheric pressure, boils at

a temperature of 444'5 C. on the scale of the gas thermometer.
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The use of the platinum thermometer is extending rapidly
both for technical application and also for research-work in

physical laboratories. For technical purposes, its advantages

comprise the possibility of measuring the temperature from a

distance, the extended range of the scale, and the permanent
record of varying temperatures which it is now possible to obtain.

For scientific research it has been used both at high and low

temperatures : for determining the melting points of metals and

the boiling points of liquefied gases. The extreme sensitiveness

of modern null methods of measuring resistance renders the

platinum thermometer by far the most delicate instrument for

estimating the differences between two neighbouring tempera-
tures a difference of the ten-thousandth part of a centigrade

degree may be detected with some ease, while careful experiments

by Mr E. H. Griffiths have shown that the hundred-thousandth

part of a degree may be estimated.

For research purposes, as well as for industrial applications,

the possibility of obtaining an automatic and permanent record of

changing temperatures is of the utmost importance. This may
now be done by the aid of Callendar's Recorder, illustrated in

Figure 71. In this instrument, which is a self-adjusting Wheat-

stone's bridge, a wire-bridge, essentially the same as that shown in

Figure 70, is used. The moveable jockey is always in contact with

the bridge-wire. The galvanometer is of the moving-coil type, and

to the coil is attached a light arm of aluminium, which carries a fork

with its prongs lying one on each side of the two metal rims of an

ebonite wheel, which, by means of clockwork, is made to revolve

slowly. If the bridge is balanced, the fork does not touch the wheel,

but, if the resistance of the thermometer changes, the fork makes
contact with one rim or other of the wheel. It is necessary to keep
the wheel revolving and its rims passing over cleaning brushes, for

experience shows that it is impossible otherwise to secure electrical

contact between the rims of the wheel and the fork. Contact with

the wheel completes an independent electrical circuit a relay, as

it is called which sets in motion a train of clockwork in one

direction or the other, according as the fork touches one rim or

the other of the wheel.

A pen, attached to the jockey of the bridge-wire, is moved by
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Fig. 71.
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this clockwork train over a cylinder of paper, which is itself kept

revolving by clockwork. The jockey is thus shifted till the bridge

is balanced once more. As long as the temperature is constant, a

vertical line is drawn, but, as soon as the thermometer is heated

or cooled, the pen moves horizontally. By this means, a continu-

ous curve is obtained, showing the variations of temperature for

24 hours or any other required time. As examples of the use of the

recorder the two curves of Figure 72 are given, showing in platinum

temperatures, the rates of heating and cooling of two blocks of

steel. The points of recalescence are well marked. By the aid of

6IO' Pt =667*0"

Illlllll
6IO Pt =667C-

Illlllll

Fig. 72.

this instrument, experiments have been made by Mr C. T. Heycock
and Mr F. H. Neville on the points of solidification of many com-

plicated alloys, and results obtained which could never have been

reached without an automatic recorder.



THE ELECTRIC CURRENT 129

47. As already stated, electromotive forces may be compared

electrostatically, roughly by a gold-leaf electroscope,
Comparison A i i_ j x i

of electro- more accurately by a quadrant electrometer. Jout,

in practice, it is usually more convenient to employ
some means based on the application of Ohm's law.

The currents produced successively in the same high resistance

circuit by two electromotive forces may be estimated by the

deflections of a galvanometer or of a voltmeter, which is essentially

a moving-coil galvanometer of high resistance. By a second

arrangement, the resistance of two circuits may be varied till the

same deflection is produced in each case. In these methods, a current

is allowed to flow through the cell or other source of electromotive

force, and, to obtain the total electromotive force acting round the

circuit, the resistance of the cell must be added to that of the rest

of the circuit.

A method, which does not involve a knowledge of the resistance

of the cell, is based on

the use of an instrument

known as the potentio-

meter. A long, thin wire,

of high resistance, is

stretched by the side of

a scale (Figure 73).

Through this wire passes

a constant current, main-

tained by a battery of accumulators or constant primary cells.

The potential rises uniformly as we pass along the wire from the

end A to the end B. Thus, if one of the cells to be compared be

connected with A as shown, and its other terminal be connected

through a galvanometer with different points along the wire, some

point can be found at which the potential is the same as that of

the applied pole of the cell. When this is the case, no current

flows through the galvanometer, and the potential-difference

between A and the point P is equal to the electromotive force

of the cell. If the second cell be now inserted in place of the

first, a new position of equilibrium will be found, the travelling

wire being applied at the point Plt The electromotive force of

this second cell must then be equal to the potential-difference

w. E. 9

Fig. 73.
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between the points A and Plt But, by applying Ohm's law to

the main circuit AB, we see that the differences of potential

between AP and APl respectively, are proportional to the re-

sistances of the two lengths of wire AP and APlt If the wire be

uniform, these resistances are proportional to the lengths, and thus

the ratio between the electromotive forces of the two cells is equal

to the ratio of the two lengths AP and AP.
It is, comparatively speaking, easy to construct a standard

resistance-coil having a resistance equal to the practical unit or

ohm; but we cannot construct at will a cell having an electro-

motive force of one volt. We can only take the most constant

cell we know, measure once for all its electromotive force in

volts, and use the cell thereafter as an arbitrary standard of

electromotive force.

One such standard cell is that invented by Latimer-Clark

and shown in Figure 74. It consists es-
. ,

sentially of mercury in contact with a paste

of mercurous sulphate, on which rests a solu-

tion of zinc sulphate kept saturated by the

presence of crystals of the salt. In this

solution dips an amalgamated rod of pure
zinc. This cell must not be used to yield a

current; but its electromotive force is very

constant when no current is taken, and has

the value of 1'433 or 1'434 volts at 15 C.

The electromotive force diminishes by 0*00077

volt for each centigrade degree the tempera-
ture rises above 15.

The Weston cell consists of the arrange-
ment :

ZINC SULPHATE
SOLUTION

ZINC SULPHATE
CRYSTALS

'-PLATINUM WIRE

Fig. 74.

mercury/mercurous sulphate/cadmium sulphate solution/cadmium.

Its electromotive force is 1'018 volt, at 15 C., and its temperature
coefficient is considerably less than that of the Clark cell.

The principle of the potentiometer is applicable to a number

of different purposes. It may, for instance, be used to measure a

heavy current in the following manner. The current is passed

through a strip of metal of known small resistance R (Fig. 75).
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Between the ends of the strip a difference of potential cR must

then exist, and this potential-difference may be compared with the

electromotive force of a standard cell, along the wire of the

potentiometer AB. Thus c may be determined.

Fig. 75.

A simpler method, more convenient in practice, consists in

connecting the terminals of a voltmeter to the ends of the metal

strip R. The resistance of the voltmeter is adjusted to be a known

multiple of that of the strip, and, by shunting the current through
the voltmeter in this way, its readings may be made to give directly

the number of amperes ofcurrent flowing through the strip of metal.

The voltmeter is thus converted into an ampere-meter or ammeter.

A similar process enables us to compare two resistances which

are too small to be examined accurately by the usual means. The
same current is passed through the two resistances in series, and

the differences of potential between their ends compared by the

potentiometer or voltmeter. These potential-differences will be

proportional to the two resistances.

48. By the definition of electromotive force, it follows that

the work done by a current c, when it flows for t
Heating effect J

of an electric seconds through a conductor with a potential-

difference E between its ends, is Ect. If the current

be doing mechanical work by driving a motor, or chemical work by

decomposing some compound, part of the total work is thus

absorbed. If no such work is being done, the whole of the work

of the current must appear as heat in the conductor. IfH be the

quantity of heat developed, measured in thermal units, and / the

mechanical equivalent of one thermal unit, then, on the assump-
tions we have made, we have the relation

HJ=Ect.
92
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But, by Ohm's law, E is equal to cR, where R is the resistance of

the conductor, at the temperature of the experiment. Thus,

If we measure the current in electromagnetic units, as, for

instance, by the use of a tangent galvanometer, and observe the

heat developed in an insulated coil of wire immersed in a calori-

meter, the first equation, which, as we have seen, is an immediate

consequence. of the definition of electromotive force, enables us to

determine experimentally the electromotive force between the

ends of the coil in absolute electromagnetic units. In the same

way, the second equation leads to a knowledge of the resistance

of the coils, also in absolute electromagnetic units.

On the other hand, if we know these electrical units from other

experiments, the equations enable us to find a value for J, the

mechanical equivalent of the thermal unit. Many experiments
have been made for this purpose by Joule, who established the c

2R
relation by direct observation, by Griffiths, and by other observers.

In the latest experiments by Callendar and Barnes, instead of

heating a mass of water in an ordinary calorimeter, the current was

passed along a platinum wire stretched along the axis of a glass tube

through which flowed a stream of water. Observations were made

on the temperature of the water before and after passing the tube,

and, when a steady state was reached, a value was thus obtained

for the rate of heat development. The electromotive force E be-

tween the ends of the wire was measured, and also the electromotive

force between the ends of a standard resistance coil of thick wire

placed in series with the wire in the calorimeter. The latter

observation, with a knowledge of the resistance of the standard

coil, which was not appreciably heated by the current, gave the

current-strength through the apparatus. Thus the value of Ect

was estimated.

In the equation

the electrical quantities are expressed in absolute electromagnetic

units, based on the centimetre, the gramme, and the second. To

express our results in practical units, we must remember that the

ampere is one-tenth of the absolute unit of current, and the ohm
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is 109 absolute units of resistance. Thus, writing C for the current

in amperes and R' for the resistance in ohms, and putting for J
its value 4*18 x 107

ergs per calorie, we obtain for the number of

calories of heat evolved

H = 0-239 C*R't.

The amount of work done by a current of one ampere flowing
for one second through a resistance of one ohm is known as the

Joule. It is equivalent to 107

ergs, or absolute c.G.s. units of work.

The c
2R relation, which sometimes goes by the name of Joule's

law, shows us that the heat developed by a current does not

depend on the direction of that current. Hence, the heating effect

has been employed for the measurement of alternating currents,

which cannot be estimated by ordinary electromagnetic means.

In Cardew's voltmeter, for instance, the heating of a long stretched

wire increases its length, and moves a hand over a scale which is

graduated empirically.
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CHAPTER VI

THERMO-ELECTRICITY.

Thermo-electricity. Application of Thermo-dynamics. Thermo-electric

diagrams. Thermo-electric apparatus.

49. THE heating effects of currents, due to the resistance of

Thermo- the material of the conductor, have been considered

electricity.
already. There is, however, between thermal and elec-

trical phenomena another connexion, which was discovered in 1821

by Seebeck. He found that, in a closed circuit consisting of two

different metals, if the two junctions were kept at different

temperatures, a permanent current flowed. Thus, if one junction

of a copper-iron circuit be kept in melting ice and the other in

boiling water, it will be found that a current passes from copper to

iron across the hot junction. If,

however, the temperature of the hot

junction be raised gradually, the

electromotive force in the circuit

slowly reaches a maximum, then

sinks to zero, and finally is reversed.

The currents thus obtained can, of

course, perform work, and hereafter

we must look for the source of their

energy.

In the year 1834, Peltier dis-

covered that, when a current is passed
across the junction between two

different metals, a reversible evolu-

tion or absorption of heat takes place.

This effect may be demonstrated by Fig. 76.
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fixing the junction, preferably of bismuth and antimony, in an

air-thermometer, as shown in Figure 76. The rate of heat-pro-

duction is proportional to the first power of the current, and thus

the total heat developed may be expressed by TIct, where c is the

strength of the current, t the time, and II the coefficient of the

Peltier-effect. Unlike the Joule-effect, which depends on the

square of the current, the Peltier-effect is reversible, heat being
evolved when the current passes one way across a junction, and

absorbed when the current passes in the other direction. With large

current-densities, the Peltier-effect is usually small compared with

the Joule-effect, but, since the Joule-effect depends on the square of

the current, it may be diminished in relative importance by

reducing the strength of the current. In ideal conditions, then,

when we may imagine that an indefinitely small current passes,

the Joule-effect may be neglected compared with the Peltier-effect.

50. It is important to notice the relation between the

direction of the thermo-electric current and the sign
Thermo- of the Peltier-effect. Seebeck showed that, in a

copper-iron circuit at moderate temperatures, the

thermo-current passes from copper to iron across the hotter

junction. Peltier found that, if a current be forced by means of

in external battery from copper to iron across a junction, the

junction is cooled. In general, if a current be forced across a

junction in the same direction as the thermo-electric current flows

at a hot junction, the junction is cooled, that is, heat is absorbed.

Conversely, a current passing in the normal direction across the

cold junction of a thermo-electric circuit evolves heat.

In a thermo-electric circuit, then, the passage of the thermo-

electric current absorbs heat at the hot junction, and gives up heat

at the cold junction. Lord Kelvin recognised that these were the

characteristics of a heat-engine, and applied the principles of

thermo-dynamics, so largely his own creation, to the elucidation

of the problem of the thermo-electric circuit.

In order to apply quantitatively the results of thermo-

dynamical reasoning, it is necessary to be sure that the processes
involved are truly reversible. Now, in the present case, two

irreversible processes are known to occur: firstly, the frictional
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heat developed by the current as investigated by Joule, and

secondly the conduction of heat along the metals from hotter

to colder places. As indicated above, however, by imagining the

currents to be restricted to indefinitely small values, the Joule-

effect becomes negligible compared with the reversible heat-effects.

The conduction of heat may also be ignored if it proceeds in-

dependently of the current, except for the reversible Thomson-

effect considered below. This independence it is necessary to

assume, though the assumption seems reasonable.

Let us, then, treat the thermo-electric circuit as a reversible

heat-engine, which, when unit quantity of electricity passes round

the circuit, absorbs a quantity II j of heat at an absolute temperature

TI, gives up a quantity H2 of that heat to a refrigerator at an

absolute temperature T2 ,
and converts the rest of it into electrical

work, which, when unit quantity of electricity passes round the

circuit, is measured by E, the total electromotive force of the

system. By the well-known laws of reversible heat-engines, we

now see, firstly, that

n x n2

or -y
-

jfr
= 0,

-L\ J-2

heat evolved, that is leaving the circuit-system, being taken as*

negative.

Secondly, by the law of the efficiency of a reversible heat-

engine, we have
E _ T, - T2

nr 2T

or E=^(Ti-TJ
=
^(Ti-T*).

Thus, on the assumption that the Peltier-effects represent the

only reversible heat-changes in the system, we see that, if one

junction of a thermo-electric circuit be kept at constant tem-

perature, the total electromotive force round the circuit should

increase uniformly with the difference of temperature between the

junctions. But, as stated above, in- certain circuits, the electro-

motive force is found to rise to a maximum, decrease and then



Vl] THERMO-ELECTRICITY 187

reverse, as the temperature of one junction is raised continuously.

This observation led Lord Kelvin to conclude that the Peltier-

effects were not the only reversible heat-changes in a thermo-

electric system. He suggested that other reversible heat-effects

might be found in the substance of the individual metals, where

temperature gradients existed along them, and, by a series of

careful experiments, he confirmed this idea experimentally. In a

copper bar, heat is carried with the electric current when it flows

from hot regions to cold ones, and, on the other hand, when the

current flows from cold regions to hot ones, these hot parts of the

bar are cooled. In iron these effects are reversed. On the analogy
of the flow of a fluid along a channel, we may describe these results

by saying that the specific heat of electricity is positive in copper,

but negative in iron. If cr denote this specific heat of electricity,

and BT the small difference between the temperatures of two

points on a bar, then the heat absorbed, when unit quantity of

electricity passes from one point to the other, may be expressed as

cr8 T, and this relation serves to define the quantity a.

The essential difference between the evolution of heat due to

this Thomson-effect, and that due to the Joule-effect, should be

noted. The frictional heat varies as c*R, and vanishes in the ideal

condition of a very small current. The Thomson-effect varies as

the first power of the current, and thus is reversed and becomes a

heat-absorption when the current is reversed. The Thomson-

effect, then, like the Peltier-effect, is an integral part of the

reversible heat-engine which is constituted by a thermo-electric

circuit. As the current passes from a region of temperature T to

one of temperature T &T, heat to the amount of cr&T is absorbed.

Figuratively we may represent the wire as composed of a number
of little elements of volume, at the junctions between which occur

reversible heat-effects, similar to the Peltier-effects at the junctions
between the wires of different metals. Thus, in passing along a

wire from one end where the absolute temperature is T^ to the

other end where it is Tz ,
an amount of heat is absorbed equal

to the sum of all the small quantities crST or, in the notation of the

rT*

integral calculus, I crdT. Along the other wire of the circuit,
J T!

where, as we pass with the current, the change of temperature is
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fTi

reversed, the absorption of heat is, in like manner, I a'dT or
J To

-
f\'dT.
Instead of a simple heat-engine, with one source and one re-

frigerator, we have in the thermo-electric circuit a complex engine,

with a number of sources from which heat is absorbed, and a

number of refrigerators to which heat is given up. Some of these

sources and refrigerators are the main junctions, where Peltier-

effects occur; others are the hypothetical junctions between the

little elements of volume in the individual wires, where, owing to

a temperature gradient, Thomson-effects are found. But all these

heat-effects are reversible
; they all are involved in the working of

the thermo-electric engine.

When one unit of electricity passes round the circuit, the work

done at each junction, or between each pair of volume elements, is

the electrical equivalent of the heat there absorbed, somewhat as

the work done by expansion in contact with the hot body in

Carnot's theoretical heat-engine, when using an ideal gas as

the working substance, is the mechanical equivalent of the

heat then absorbed into the cylinder. And, as in Carnot's

engine, some of this work is reconverted into heat when the

working substance is compressed in contact with the cold body,

so, in our thermo-electric engine, part of the electrical energy is

reconverted into heat at the other Peltier-junction and at the

interfaces, if any, between volume-elements in the wires, where

the sign of the Thomson-effect requires an evolution of heat.

Again, in Carnot's engine, according to the principle of the

conservation of energy, the balance of useful work is the equivalent

of the excess of the heat energy obtained from the source over that

given up to the condenser. So here, the balance of electrical

energy, obtained per unit electric transfer, is the equivalent of

the excess of the heat absorbed at some places in the circuit over

that given up at other places. But, this quantity of electrical

energy is the effective electromotive force E acting round the

circuit, and thus we get

E = rij
- n 2 + I V -

o-') dT
J T,
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Again, as we have shown that, for the simple Peltier-circuit

(page 136),

5-5-OL
J. i J-2

so, for our present more complex case, we may show that

ni_n* + pp_JW=o,
an equation which expresses the well-known relation of the con-

servation of entropy in a reversible system.

Now, by differentiating this expression, that is by finding the

value of its rate of change with temperature, we get rid of the

integration sign, and may write

d (

T

Thus, '-'-^aSP

_ (j. dn_n) _OT_n
(TdT T*\~ dT T'

Our equation for E now gives

Differentiating this expression, we obtain

dE _II
dT~~f '

Thus the coefficient of the Peltier-effect appears in this ex-

pression as measured by the product of the absolute temperature
and the rate of change with temperature of the total electro-

motive force E round the circuit. Our original equation for E,

however, on page 138, showed each Peltier-effect contributing
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towards the total electromotive force, as a local potential-difference

at the junction. These two aspects of the Peltier-effect should be

remembered. On the theory here given, the Peltier-effect at

a junction is the thermal equivalent per unit electric transfer of

the local step of potential at the interface. But it is also measured

by the product of the absolute temperature of the junction and

the rate of change with temperature of the total electromotive

force of the circuit (not the local electromotive force at the

junction).

51. The properties of a thermo-electric circuit may be

illustrated by means of a diagram in a manner due
Thermo- J

electric originally to the late Prof. Tait. The diagrams are

based on two experimental principles :

(1) The electromotive force round a circuit when the junctions

are kept at temperatures T: and T3 is the sum of the electromotive

forces when the junctions are kept first at Tl and T2 ,
and then

at T2 and Ts .

(2) The electromotive force round a circuit of the two metals

A and C is the sum of the electromotive forces round two circuits,

one composed of the metals A and B, and another composed of the

metals B and C, the temperature limits being the same for all the

circuits.

It was found by Le Roux that in lead the Thomson-effect is

inappreciable. Hence it is convenient to take lead as the standard

metal, and draw the thermo-electric diagram of another metal with

reference to lead. By the second of the experimental results

enunciated above, it follows that the relative position of two

curves drawn to represent the thermo-electric properties of two

metals with reference to lead, represents the thermo-electric pro-

perties of those two metals with reference to each other.

The most obvious method of plotting the results of thermo-

electric measurement is to take the temperature of one junction
as abscissa and the electromotive force round the circuit as ordinate,

the temperature of the other junction being kept constant. Curves

approximating to parabolas may thus be obtained. A more con-

venient and usual method, however, consists in taking as abscissae
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the absolute temperatures, and as ordinates a quantity called the

thermo-electric power, which is defined as the electromotive force

round the circuit when the junctions are kept half a degree above

and below the temperature in question. It is clear that this

definition comes to making the thermo-electric power equal to the

quantity dE/dT. In general, when the diagrams are drawn with

reference to the standard substance lead, these curves are found

to be straight lines.

In Figure 77, let OLt be taken as the axis to represent the

Fig. 77.

standard metal lead. Let FG and EH be the curves for the

thermo-electric power of two metals A and B with reference to

lead. Then it follows that the thermo-electric power of A with

reference to B is represented by the difference-ordinate FE at a

temperature of L 2 and by GH at a temperature of L^ .

Since the length of the ordinate L2F denotes the electromotive

force round a circuit composed of lead and the metal B per degree

difference of temperature, it follows that, for a small temperature
difference &T, the electromotive force is represented by the area of

a narrow strip of height L2F, and of breadth ST. Thus, for the

considerable temperature-difference L^L^, the total electromotive

force round the circuit is represented by the sum of the areas of

the corresponding strips, that is, by the area L^FGL^. Similarly,
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for the two metals A and B, the electromotive force round the

circuit is represented by the area FEHG.
Now let us consider the Peltier-effect at the hot junction at the

temperature OLlt We have shown on page 139 that the Peltier-

effect is equal to TdE/dT, and the difference-ordinate GH is the

thermo-electric power or dE/dT. Thus the electrical equivalent of

the Peltier-effect is represented by the area HGUVH. Similarly,

the Peltier-effect at the cold junction at the temperature OL2 is

represented by the area EFTSE.
Our expression for the total electromotive force, obtained from

the principle of the conservation of energy, namely

E = U, - H 2 + [ \<r
-

a-') dT,

shows that the electromotive force round the circuit is the algebraic

sum of the thermal equivalents of the Peltier- and Thomson-effects.

The total electromotive force is represented by the area HGFEH,
the positive Peltier-effect at the hot junction by the area HG UVH,
and the negative Peltier-effect at the cold junction by the area

EFTSE. Now the electromotive force area HGFEH may be

made up thus:

Area HGFEH = area HGUVH+ area GFTUG - area EFTSE

Identifying the areas HGUVH and EFTSE with the Peltier-

effects in the equation for E, we see that the Thomson-effect in

the metal A must be represented by the area HESVH, and the

Thomson-effect in the metal B by the area GFTUG. Thus all

the properties of the thermo-electric circuit are represented on

the diagram.

Figure 78 shows a thermo-electric diagram for a number of

metals. The abscissae represent temperatures measured on the

centigrade scale, and the ordinates the thermo-electric powers in

microvolts per degree. From what has been said, it will be clear

that the thermo-electric behaviour of any pair of metals may be

tabulated completely on such a diagram, in a form convenient for

future use. It is seen that the Peltier-effect for iron and copper
vanishes at a temperature of about 280 C. When the hot
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junction reaches that temperature, called the neutral point, the

total electromotive force of a copper-iron circuit, with its cold

j unction kept at a constant temperature, is a maximum
; beyond

that temperature the area between the two lines is to be reckoned

negative, and subtracted from the area to the left of the neutral

point.

50 100 150 200 250 3OO 35O 400 450 SOO 550 6OO

15

50 100 150 2OO 250 300 35O 400 450 SOO 65O 6OO

Fig. 78.

52. Thermo-electric currents, which are often an inconvenience

in delicate measurements of resistance, have beenThermo-
electric applied with ad vantage in two ways. A thermo-couple
apparatus. . . i i

is used sometimes as a practical thermometer, and a

thermo-couple, or series of thermo-couples, is employed to detect

and measure incident radiation of small intensity.

As a thermometric instrument, the thermo-couple is chiefly of

use where high temperatures are to be estimated approximately,
as in many manufacturing operations. The couple is generally
made of wires of platinum and of an alloy of either platinum and

iridium, or platinum and rhodium. All these metals are very in-

fusible, and very high temperatures may be measured. To the

usual order of accuracy required, it is enough to keep one junction
at the temperature of the atmosphere, and place the other in the

furnace or other enclosure to be examined. The temperature may
be read off directly by proper graduation of a millivoltmeter. An
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apparatus of this kind is illustrated in Figure 79. The thermo-

couple is enclosed in an infusible porcelain tube.

Fig. 79.

An instrument which was long used to detect the incidence of

radiation is shown in Figure 80. It is known as the thermopile,

Fig. 80.

and consists of a number of bars of bismuth and antimony soldered

together in series, and placed so that all similar junctions, where a

current passing round the circuit would flow from bismuth to

antimony, are collected together at one face of the pile. If this

face becomes slightly hotter than the other, an electromotive force

is set up at each junction in the face. These electromotive forces

are in the same direction, and will drive a current through a

galvanometer placed in the circuit. By using a veiy low resistance

galvanometer, and keeping all the circuit of low resistance, the

apparatus will be found to be moderately sensitive.
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Much greater, however, is the sensitiveness of the radio-

micrometer invented by Mr Vernon Boys. A single loop of pure

copper wire has its ends soldered to a bismuth-antimony junction,

to which is attached a small blackened copper disc. When
radiation falls on the disc it is heated, and the junction with it.

A current is thus set up round the copper loop. The loop is

suspended between the poles of a strong permanent magnet,

forming a galvanometer of the moving-coil type. A light mirror

attached to the thermo-junction is used to reflect a spot of light

on to a scale or the image of a scale into a telescope. It is said

that this instrument will detect the radiation from a candle-flame

at a distance of more than a mile.
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CHAPTER VII.

ELECTROMAGNETIC INDUCTION.

Faraday's experiments. Quantitative Laws of Induction. Coefficients of

induction. Analogy between self-induction and inertia. Electrical

oscillations. Electromagnetic machinery. Dynamos and motors.

Transformers and Induction Coils.

53. THE induction of statical charges of electricity by other

Faraday's charges, and the similar action exerted by magnets
experiments. on soft iron? suggested to the early experimenters
that like effects should be obtained with the steady currents given

by voltaic cells. Faraday, for instance, wound two helices of

insulated wire on the same wooden cylinder, but could observe no

deflection of a galvanometer inserted in one coil when a steady

current was maintained through the other by a powerful voltaic

battery.

His first successful experiment, which opened a new era in the

history of electrical science, was thus described to the Royal

Society by Faraday on November 24, 1831.
" Two hundred and three feet of copper wire in one length was

wound round a large block of wood
;
other two hundred and three

feet of similar wire were interposed as a spiral between the turns

of the first coil, and metallic contact everywhere prevented by
twine. One of these helices was connected with a galvanometer,

and the other with a battery of one hundred pairs of plates four

inches square, with double coppers, and well charged. When the

contact was made, there was a sudden and very slight effect at the

galvanometer, and there was also a similar slight effect when

the contact with the battery was broken. But whilst the voltaic

current was continuing to pass through the one helix, no galvano-
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metrical appearances nor any effect like induction upon the other

helix could be perceived, although the active power of the battery

was proved to be great, by its heating the whole of its helix, and

by the brilliancy of the discharge when made through charcoal.

"
Repetition of the experiment with a battery of one hundred

and twenty pairs of plates produced no other effect; but it was

ascertained, both at this and the former time, that the slight

deflection of the needle occurring at the moment of completing
the connexion, was always in one direction, and that the equally

slight deflection produced when the contact was broken, was in the

other direction.
" The results which I had by this time obtained with magnets

led me to believe that the battery current through one wire, did,

in reality, induce a similar current through the other wire, but

that it continued for an instant only, and partook more of the

nature of an electrical wave passed through from the shock of a

common Leyden jar than of the current from a voltaic battery,

and therefore might magnetize a steel needle, though it scarcely

affected the galvanometer.
" This expectation was confirmed

;
for on substituting a small

hollow helix, formed round a glass tube, for the galvanometer,

introducing a steel needle, making contact as before between the

battery and the inducing wire, and then removing the needle

before the battery contact was broken, it was found magnetized.
"When the battery contact was first made, then an un-

magnetized needle introduced into a small indicating helix, and

lastly the battery contact broken, the needle was found magnetized
to an equal degree apparently as before

;
but the poles were of a

contrary kind."

With the much more delicate galvanometers we now possess,

it is easy to repeat Faraday's experiments with the primary
current derived from a single voltaic cell, and to show that similar

transient currents are produced by moving the primary and

secondary circuits relatively to each other, or by moving a

permanent magnet relatively to a coil connected with a galvano-
meter.

In all such cases it will be seen that the number of tubes of

magnetic induction passing through the secondary circuit is altered,

102
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and, in general, we may say that a current is induced in the same

direction as the primary current (or in the same direction as the

current equivalent to the inducing magnet) whenever the number

of tubes of magnetic induction threading the secondary circuit is

diminished, and in the contrary direction when the number of

magnetic tubes is increased.

Since currents flowing in the same direction attract each other,

it follows that, when a circuit carrying a current is moved nearer

to a second circuit, the inverse current induced therein causes the

two circuits to repel each other. When the primary recedes, the

two similar currents attract each other. Thus, in each case, the

induced current is in that direction which tends to stop the motion

producing it. This result, which is known as Lenz's law, is an

example of the universal physical principle whereby any external

change acting on a system produces within the system a change
which tends to resist the effects of the external change. This

principle is sometimes called the law of least action. In the form

of Lenz's law, the principle is often of use in enabling us to see at

a glance the direction of an induction current.

Faraday's experiments led him at once to an explanation of the

action of the apparatus known as Arago's disc. If a copper disc

be rotated in its own horizontal plane beneath a compass-needle,

which is shielded from the air draughts of the disc by an inter-

posed glass screen, the needle will be found to be dragged round

with the disc. Explanations of this phenomenon had been

offered, referring it to "induced magnetism" in the copper disc.

Faraday saw that, by motion in the magnetic field of the

needle, secondary eddy currents were set flowing in closed curves

in the substance of the disc. These currents will be in directions

such that they tend to stop the relative motion of the needle and

disc. The needle, therefore, follows the disc as it rotates.

The current induced in one coil by starting or stopping a

current in another is much greater if the coils be wound on an

iron core, the effect being proportional to the magnetic permeability.

This shows that it is the change in the magnetic induction, and

not that in the magnetic force, which is involved.

By winding a primary coil over an iron ring, and using as a

secondary a few turns of wire surrounding both primary and iron,
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it is possible to investigate the magnetic properties of the iron, and

to obtain hysteresis curves similar to those given in 33, Chapter IV.

In many cases this is the most convenient method to adopt.

54. Faraday showed that the induced currents were greater in

proportion as the rate of change of the magnetic field
Quantitative

r
.

laws of was increased, but the exact quantitative magnitude
of the induced electromotive force was first given by

F. E. Neumann in 1845.

We may deduce by dynamical principles the laws of induction

of currents from the known mechanical forces on currents placed in

magnetic fields. Ampere's formula for the mechanical force F on

an element of current c of length SI, when placed in a magnetic
field at an angle 6 with the direction of the magnetic induction B,

is (p. 105)
F=cSlBsm0,

the force acting at right angles both to the current and to the

magnetic induction.

Let us imagine that the element ab of the circuit in Figure 81

moves with constant velocity through
a distance Sx at right angles to itself

in the direction of the force. To

maintain the continuity of the cir-

cuit we may suppose that ab slides

along parallel rails, or that its ends

float along mercury troughs.

The work done by the circuit is

measured by the force into the dis-

tance or

cBsm0SlSx.

Now SISx is the area between the

rails moved over by the current-element
;
that is, it is the increase

of area of the circuit. The magnetic induction B denotes the

number of tubes of induction per unit area normal to their

direction. Thus B sin 6 SI 8% is equal to SN, the increase in the

number of tubes of induction through the circuit produced by the

movement of the current-element ab, and the work done during
the movement may be written as cSN.
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Now let us suppose that the current in the circuit is main-

tained by a battery with an electromotive force E. During the

time St of the movement of the element ab, the battery will do

a quantity of work equal to EcBt. By the principle of the con-

servation of energy, part of this energy is used in doing work c$N

against the magnetic forces, and the rest is expended in the circuit

as a quantity of heat c
2R$t. Thus

EcSt

or c
E-dNjdt

R
Hence there is an additional electromotive force in the circuit

equal to the rate of decrease of the number of tubes of induction

which thread the circuit. We may imagine that the original

current and electromotive force are made as small as we please

the result still holds. It follows that, even in a circuit with no

original current, one must be induced by a change in the flux of

induction through the circuit, though in this case the work must

be done by some external agency, instead of by a battery in the

circuit. Thus, in general, we obtain the following result : When
the magnetic induction through any circuit is changed, an induced

electromotive force is set up, equal to the rate of decrease of the

number of lines of induction which thread the circuit.

This result, which we have deduced from the known magnetic
forces of currents, may be verified or established by direct ex-

Y [

Fig. 82.
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periment. Two coils of wire are placed near each other, as shown

in Figure 82. In circuit with one coil is connected a battery, a

resistance box, a tangent galvanometer, and a reversing key. In

circuit with the other coil is placed a second resistance box and a

ballistic galvanometer (see page 109). When a steady current

passes through the first or primary coil, there is no current in the

secondary, but, if the primary current be started suddenly, stopped
or reversed, a throw of the ballistic galvanometer indicates a rush

of current through the secondary circuit.

The primary current produces a magnetic field, and some of the

tubes of magnetic induction from it pass through the secondary
coil. If the number of these tubes be altered as described above,

a transient current will be observed. Suppose, for instance, that

we reverse the primary current. Then all the tubes of induction,

which at first threaded the secondary coil in one direction, will

be reversed suddenly, so that, if N be the number of tubes

originally passing through the secondary coil, the number finally

passing is N, and the sudden change in the number is %N. The

magnetic field, and therefore N, is proportional to the strength of

the primary current; thus any required change in N can be

obtained by altering the strength of the current which is to

be reversed; the current used can be measured by the tangent

galvanometer. By such experiments we can show that the total

quantity of electricity passing in the secondary current is pro-

portional to the total change in the number of tubes of magnetic
induction threading the secondary circuit, and inversely proportional
to the total resistance of the secondary circuit. Therefore, if,

owing to a change SN in the number of tubes of induction through
the circuit, a current c pass in a circuit of resistance R for a small

time St, we may write

By Ohm's law, the product of c and R is the electromotive force E
in the circuit, thus

or the electromotive force must be proportional to the rate of

change in the number of tubes of induction.
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In order to obtain a quantitative relation, we must use two
coils placed in such a position that it is possible to calculate the

number of tubes of induction which threads one coil when unit

current passes in the other. With two large coils placed parallel

to each other as shown in Figure 82, it would be difficult to

calculate the number of tubes. To avoid this difficulty, a form

of apparatus may be used in which the magnetic field of the

primary current is uniform. For instance, the field due to a

current c in a large circular coil with n l turns of wire of radius r^

is nearly uniform near the centre, and equal to 27n? 1c/r1 (page 107).

In air, this expression represents the number of tubes of induction

per unit area normal to their direction
;
and the number of tubes

through a small coil of n2 turns with radius r2 placed at the centre

of the large coil with the planes of the two coils coincident, is

12 2
7n? 2r2

2
,
or -

,
when unit current flows round the

i ri

large coil.

Again, the field within a long solenoid is 4?rnc, where n is the

number of turns of wire per unit length. When placed coaxially

within the solenoid, a small circular coil of n2 turns with radius

r2 will be threaded by a number of tubes of induction equal to

4t7rn . 7rtt2r2
2 or 4<7r

2nn2r<? when unit current passes through the

solenoid. By either of such pieces of apparatus the laws of

induction may be verified quantitatively by the use of formulae

obtained in this book. The result of the experiments shows that

the total electric transfer round the circuit is, when expressed in

absolute electromagnetic units, with proper attention to signs,

equal to the total decrease in the number of tubes of induction

divided by the resistance of the circuit. Thus, as before,

v dN
and E = -

-j- .

at

It should be noted that this induced electromotive force acts in

the primary coil as well as in the secondary, for all its own

lines of induction must pass through the primary circuit. On

making a current in a coil, a transient electromotive force acts in

the negative direction, and the current is prevented from reaching
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instantaneously its full value. So also on breaking the circuit, the

positive induced electromotive force tends to prolong the current.

In either case, the result is that no abrupt change can occur in the

total number of tubes of induction which thread the circuit.

It should be noticed that, with two circuits, the induced

secondary current will itself induce a tertiary electromotive force

in the primary coil. When a primary current in what we will call

the positive direction is started, a secondary current is produced in

the negative direction. The starting of this will re-induce an

electromotive force in the positive direction in the primary. It

will thus help the primary current to start, and to increase towards

its maximum value. The presence of a second circuit then, will

diminish the effect of self-induction in any circuit
;

it will enable

an applied electromotive force sooner to establish its current, and

make it easier for that current to cease when the electromotive

force is removed. This effect is of great practical importance.

55. The number of tubes of magnetic induction, which thread

Coefficients a circuit when unit current is flowing round it, is

of induction.
called the coefficient of self-induction of the circuit,

and the number of tubes which thread one circuit when unit

current is flowing round another is called the coefficient of mutual

induction between the two circuits. The importance of these

coefficients will be clear if we notice that the total number of

tubes threading a circuit, when a current c passes, is Lc, where L is

its coefficient of self-induction. Thus the induced electromotive

force in the circuit, dN/dt, is equal to Ldc/dt. Similarly the

induced electromotive force in one circuit, due to a change in the

current through another, is Mdc/dt, where M is the coefficient

of mutual induction. Hence, if we know the coefficient of induc-

tion and the rate of change of the primary current, we can find

at once the secondary electromotive force.

We have seen already that it is possible to calculate the

coefficient of mutual induction in simple cases. An arrangement
of practical importance consists of two co-axial solenoids of equal

length I. Let rx and n^ denote respectively the radius and the

number of turns of wire per unit length of the inner coil, and

r2 and ?i2 the corresponding quantities for the outer coil. If unit
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current flow round the inner coil, the field of magnetic induction

within it is ^TTU^, which measures the number of tubes per unit

area. The total area of the inner coil is irr-f, and the total

magnetic flux through the inner coil is 47r2
ft1r1

2
. All these tubes

of induction must pass through each turn of wire of the outer

solenoid, which surrounds the inner solenoid. The number of

such turns is nj,, and therefore the coefficient of mutual induction

is 47r2Zn1n2r1

2
. Now let us suppose that the current is sent through

the outer coil. When the current is unity, the magnetic field

within is 47m2 ,
and the number of tubes of induction which pass

through the total area (counting that of each turn of wire) of the

inner coil, which only fills part of the area of cross-section of the

outer coil, is 4sirn9n1l7rr1
9 or 47r2fo1 rc2r1

2
. It follows that the number

of tubes of induction passing through the outer coil when unit

current flows through the inner is equal to the number which

passes through the inner when unit current flows round the outer.

This justification of the term "mutual induction" will be shown

later to apply to every case.

From what has been said, it follows that the coefficient of

self-induction of a single solenoid is 4nrn.nl7rr* or 47r2 w2r2
.

For a small circular coil with nz turns of radius r2 placed at

the centre of a large circular coil with n^ turns of radius rl} the

planes of the coils being parallel, the coefficient of mutual induction

must, by the last section, be 2 <

7r
2n1n2r2

2

/r1 .

Other simple cases may be solved by the aid of more compli-

cated mathematical analysis, but it is often only possible to

determine coefficients of induction by direct experiment. The

apparatus shown in Figure 82 on page 150 may be used, and the

number of tubes of magnetic induction threading the secondary

coil when unit current passes round the primary may be calculated

from a measurement of the total electric transfer round the

secondary when .a known current in the primary is reversed.

Here we assume the laws of induction which, on page 151,

we used the apparatus to verify.

We have shown above, for one particular case, that the

coefficient of mutual induction between two coils is the same

whichever coil is used as primary. It is possible to establish
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this result in a general form by a method which brings out other

points of interest.

Let us calculate the mutual potential energy of two currents,

by supposing them to be replaced by their equivalent magnetic
shells.

The potential at a point due to a magnetic shell of strength 8^

is, as we saw on page 98, equal to /S^ft, where fl is the solid angle
which the shell subtends at the point. The work done in bringing

up from infinity a pole of strength m to the point is S^m.
The second shell, of strength $2 and thickness Sx, may be

resolved into a number of minute magnets, each of length Sx and

area of cross-section SOL. Now, the strength of a shell is the

,. ., mSx m, n a Sa
magnetic moment per unit area, or -~ . Therefore m is $2 ~- .

The potential energy of the first shell and one pole of the

elementary magnet in the second shell is

Now, as we pass from one end of the elementary magnet of

the second shell to the other, the solid angle subtended by the

first shell changes. Its rate of change as we pass along the axis

of the elementary magnet is -=-
,
and the total change is -7 Bx.

Thus the new value of the solid angle is H -7 Bx. The pole at

the other end of the elementary magnet has a strength m or
{X

$2
~

)
and its mutual potential energy with the first shell is the

work done in bringing it to its proper position from an infinite

distance, or

For both poles of the element of the second shell the work

done is

dx dx
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To extend the result to the whole of the second shell, we must

integrate this expression over the whole area, and write

-j da.
dx

But, by principles similar to those used on page 26, it follows

that the magnetic induction in any direction is measured by the rate

of fall of magnetic potential in that direction. Hence, the normal

induction at any point on the second shell due to the first shell is

Si -j . This measures the number of tubes of magnetic induc-

tion passing through unit area, and through an area SOL the

number will be Si
-j

SOL. Therefore, the total magnetic flux,

or the total number NI of tubes of magnetic induction, through
the whole area of the second shell due to the first shell will be

-y- da.
ax

Hence, the work done in bringing the second shell to its

position against the magnetic forces of the first, that is, the mutual

potential energy of the two shells, is SJflf the product of the

strength of the second shell and the magnetic flux passing through
it from the first shell.

By calculating in a similar manner the work done in bringing

up the first shell while the second is fixed, we obtain, as a new

expression for the same mutual potential energy, SiN2 ,
and hence

Finally, let us replace the shells by two currents of equivalent

strengths cx and c2 . We have

If unit current be flowing in one circuit, the magnetic flux

through the other is defined as the coefficient of mutual induction
;

and since, when both currents are of unit strength, N2 is equal to

JVi, the fluxes are equal, that is, the number of tubes of magnetic
induction passing through the second circuit when unit current flows

round the first, is equal to the number of tubes passing through
the first when unit current flows round the second.

We see also that the coefficient of mutual induction between
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two circuits measures their mutual potential energy when unit

current circulates round each.

56. Since the induced electromotive forces in a coil through

Analogy which passes a varying current are in the oppo-

taductton'ud s^e direction to ^ne current when it is increasing,
inertia. an(j jn ^Q same direction as the current when it is

diminishing, the effect of self-induction is to tend to check the

change in current strength. Now the inertia of a dynamical

system tends to retard its being set in motion when at rest, and to

keep it in motion when once started. Thus, just as inertia tends

to prevent a change in velocity, so self-induction tends to prevent
a change in current-strength.

If the self-induction of a coil be very high, as it is in coils of

many turns of wire, especially if wound on iron cores, the effect of

self-induction will be so great that a rapidly alternating electro-

motive force will produce hardly an appreciable current. A rapidly

alternating current, then, will pass along a straight short path,
even if of high resistance, rather than through a low resistance

circuit of high inductance, through which a steady current passes

readily. A coil which, in this way, is nearly impassable to rapidly

alternating currents while allowing direct currents to flow through
it readily is often of practical use, and is called a choking coil.

The quantitative investigation of this effect needs the solution

of a differential equation; but, even if the proof cannot be followed,

the result is of great interest. Let an external electromotive force,

which varies harmonically with the time t and is represented by
E cos pt, be applied to a circuit with a coefficient of self-induction

L and a resistance R. This electromotive force makes pl^ir

complete alternations per second, changing direction p/ir times per
second. If c be the current through the coil, the primary electro-

motive force is Re, while the secondary is Ldc/dt. Thus

The solution of this equation is

where tan a = Lp/R.

_Ecos(pt-a)
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The maximum value of the electromotive force is E, while that

of the current is E/{R
2

-\- L*p*}*. Now, if a steady electromotive

force E were acting, the steady current would be E/R. Thus the

inertia of the circuit, due to its self-induction, makes the effective

resistance greater for alternating currents than for steady currents,

and equal to {R
2 + L*p*}%. This effective resistance is called the

impedance of the circuit.

The equation for the current shows that the phase of the

current lags behind that of the electromotive force. When the

alternations are so rapid that Lp is large compared with R, tan a

is very large, and hence a approaches a right angle or ?r/2. The

current in the coil will now be greatest when the electromotive

force is zero, and will vanish when the electromotive force is a

maximum. Allowance must often be made for this lag of the

current in electromagnetic machinery.
The subject of alternating currents has now become of great

industrial importance, and many theoretical investigations have

been made thereon. From the experimental side, much light has

been thrown on the phenomena by the use of an instrument known

as the oscillograph, which, first described by M. Blondel, is, in its

present form, the invention of Mr Duddell. In its essence, this

instrument is a galvanometer of the moving-coil type, the moment

of inertia of the coil being so much reduced, and the restoring

couple so much increased, that the natural period of vibration is

reduced to the 1/5000 or the 1/10000 of a second. By the friction

of a viscous oil the motion of the coil is made "
dead-beat," that

is, the system moves at once to its position of equilibrium, and no

series of swings follows a displacement. In consequence of these

arrangements, the apparatus will follow the alternations of a

current with a frequency of 100 or more per second. The apparatus

is represented diagrammatically in Fig. 83. The coil is replaced by
a loop of two delicate phosphor-bronze strips, ss, arranged parallel

to each other and stretched by a light spring so as to lie vertically

between the poles of a powerful permanent or electro-magnet. The

strips run through minute gaps in the magnetic circuit, and these

gaps are filled with viscous oil. When a current passes round the

loop, one strip moves forward and the other back, just as the coil of

a d'Arsonval galvanometer turns through an angle. The relative
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movement of the two strips is made visible by fixing to them a

very small and light mirror M, so that any relative shift rotates

Fig. 83.

the mirror about a vertical axis. The horizontal displacement of

a spot of light may thus be made to measure the instantaneous

value of the current. With an alternating current the image of

this spot of light would oscillate backwards and forwards. If this

image be received on a photographic screen which is made to move

vertically, the image traces out the time-current curve, which can

then be developed as a permanent photographic record. By using
a high resistance in the circuit, the oscillograph may be used as

a voltmeter, while, by shunting the current, it can be made into

an ammeter. By combining two instruments in this way into

a double oscillograph, simultaneous curves may be obtained of
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the current C, and the applied electromotive force or potential
difference F. In Figure 83 a are shown two such curves, given by
an alternating current machine. The lag of the current, referred

to above, is well seen.

We have supposed that a periodic electromotive force may be

represented by a simple harmonic function of the time that it

varies as the cosine of an angle proportional to the time. Such

a curve would somewhat resemble the curve marked F in

Figure 83 a. Often, however, the actual variations of current

Fig. 83 a.

or potential-difference are much more complicated, and peaked
curves, such as the curve C in the figure, are common. For some

purposes arc lighting for instance a flat topped wave-form is

most efficient, while in other cases such as that of transformers

a peaked curve has advantages. Hence arises the importance of

the oscillograph, which enables us to follow the wave-form, and

actually trace out its curve.

In the chapter on the properties of the dielectric medium, we
learnt that the path of the energy by which a current is main-

tained lies through the dielectric medium. The line of the

current represents merely the path along which that energy is

degraded into heat by something analogous to a frictional slip.

Hence, when the energy is alternating in character, successive

currents spread into the conductor in opposite directions spread
in with a finite velocity, just as heat is conducted into the ground
under the alternating temperatures of day and night, summer and
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winter. Moreover, just as the quick alternations due to day and

night become insensible at a small distance from the surface of

the ground, while the slower alternations due to the varying

seasons penetrate deeper, so a quickly alternating current will

only reach a small distance into the substance of a conductor.

This limitation of an alternating current to the outer layers of the

conductor may be regarded as an explanation of the increased

effective resistance of the conductor when a continuous is replaced

by an alternating current.

The quantitative theory of the subject may be investigated by

observing that the self-induction of a current flowing along the

outer strata of a conductor is less than that of a current flowing;

within. The magnetic force inside a cylindrical tube carrying
a current may be shown to vanish. Hence currents flowing down
the outside of a wire produce no magnetic field within, and no

induced currents. Thus the inertia of the current will be less if

the current flows through the outside layers only.

The analogy between self-induction and inertia may be pushed
farther than we have yet indicated. The dynamical inertia of

a body, which measures its mass m, tends to prevent any change
in the velocity v. The self-induction L of a circuit tends to

prevent any change in the strength c of current. Hence work

must be done in starting or stopping a current, just as it is in

starting or stopping a moving body. The work in the latter case

is equal to the kinetic energy ^mv
z

. Thus, on the analogy we are

considering, an amount of work ^Lc
2

is needed to start or stop a

current c in a circuit possessing self-induction L, and the current,

when flowing, must consequently possess an amount of kinetic

energy equal to JXc
2

.

A still more complete analogy may be traced by writing down
the equations of motion of a body with a velocity accelerating under

the action of a force F, and retarded by a frictional resistance which

is proportional to the velocity. If v be the velocity, and R the

resistance for unit velocity, we have

W. E. 11



162 ELECTRICITY [CH.

Now let us compare this equation with that for an electromotive

force E applied to a circuit of resistance R and self-induction L.

If c be the current,
'

'

Thus the analogy appears to be complete.

56 a. Important results follow from the analogy between self-

Eiectricai induction and inertia. If a mass m hanging by a

spiral spring be pulled down from its position of

equilibrium and let go, it performs a series of vertical oscillations,

till the resistance to its motion brings it to rest. If the resistance

be small, the oscillations will continue for some time
; they will be

isochronous, and have a periodic time of 27r\^m/Fl ,
where Fl

denotes the force of restitution exerted by the spring when the

displacement of the body is unity. Now, as the body oscillates

from the middle of its path to one of the ends, the energy changes
from the kinetic form to the potential. If x be the final displace-

ment, the final force of the spring is F^x\ the mean force

throughout the extension is \F^x, and the work done, or the

final potential energy of the spring, is \F^.
Now let us consider the analogous case of two parallel plates

charged with opposite kinds of electricity. If connexion be

made between the plates by means of a conducting wire, an

electromotive force acts along it, and a current is set up. If

the circuit of the wire possesses appreciable self-induction, the

current will possess inertia, and, unless the frictional resistance is

very great, the current will tend to flow on, after the condition of

equilibrium is reached. The plates will thus acquire reversed

charges ;
the electromotive force will act in the other direction

;

and electric oscillations will result.

The potential energy of the charged plates is \eV, where Fis
the difference of potential, and e the charge on one plate. If G be

the electrostatic capacity of the system, CejV, and the potential

energy is ^e
2

/C. Now on the analogy of the oscillating spring,

the displacement of electricity from its condition of equilibrium,
that is the charge on the plate, corresponds with the displacement
from its position of equilibrium of the body hanging by the spring.
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Corresponding with Flt the coefficient of J#
2 in the expression for

the potential energy of the spring, we have I/ C, the coefficient of

Je
2 in the expression for the potential energy of the charged plates.

We may now use our analogy to write down the expression for

the period of oscillation of the electric system. The self-induction

L of the circuit is analogous to m, and 1/C to Fl . The period of the

spring is 27rJm/Fl) and the corresponding expression is %7rjLC.

If the resistance exceed a certain limit, no oscillations will

arise. The charges will neutralize each other by means of a

steady current, just as the body on the end of the stretched spring

will creep slowly to its position of equilibrium if the whole system
be immersed in some very viscous liquid.

The interest of these electric oscillations is very great. The

discharge from a Leyden jar, the lightning flash itself, will, it is

evident, in the right circumstances, produce, not a direct current,

but a series of electric oscillations. The periods of such oscillations

will be very rapid, perhaps rising to hundreds of thousands per

second, and rapidly alternating currents, as we have seen, show

preferences for different paths very unlike the preferences shown

by steady currents. A lightning flash or a discharge from a jar

may take a short cut through air rather than go round a metallic

circuit of appreciable self-induction. Hence the necessity of

avoiding bends and turns in lightning rods.

The oscillations in the spark from a Leyden jar were first

verified by direct experiment by Feddersen in 1857, who analysed
the spark by viewing it in a mirror rotating very rapidly. The

image was drawn out into a band with bright and dark spaces.

On placing a high resistance in circuit, the alternations disappeared,
and the image became a band gradually fading away at one end.

The periodic character of the discharge from a Leyden jar may
also be demonstrated by another beautiful experiment, due to

Professor J. J. Thomson. The discharge is made to pass round a

coil of a few turns of insulated wire within which is placed a glass

bulb containing air at a low pressure. The alternating currents in

the coil induce high electromotive forces in the exhausted air, just

as they would do in a secondary circuit in the neighbourhood. By
this means the resistance of the air is broken down, and a circular

current passes in the form of a luminous ring discharge within the

112



164 ELECTRICITY [CH.

bulb. The method has been of service in eliminating the effects

of the electrodes in the spectroscopic study of electric discharge

through gases.

57. Faraday's discovery ofelectromagnetic induction has proved
to be the foundation of a vast industrial development :

magnetic almost all electrical machinery of practical importance

depends on the induction of currents.

An analogy, of great use in designing electromagnetic machinery,

may be traced between the permeability of iron and the specific

conductivity of an electric conductor. If a bar of iron of uniform

cross-section A be placed in a uniform field of magnetic force of

intensity H, the total number of lines of induction through the iron

is HAfjL. This quantity is known as the flux of induction, and may
be written as N.

Now N =
-y- >

and we may compare this equation with that expressing the

strength of an electric current c, which is equal to the electro-

motive force E divided by the resistance R of the conductor, or

E
'

C =
R'

In these two equations, the quantity HI corresponds with the

electromotive force, and may be called the magnetomotive force
;

the quantity l/Ap corresponds with the electric resistance, and

may be called the magnetic reluctance.

The electric resistance is equal to the specific resistance of the

material into the length of the conductor divided by the area of

cross-section, and, if the reciprocal of the specific resistance, or the

specific conductivity, be denoted by y, we have for the total

resistance I/Ay. Thus p is analogous to y, except in so far as p is

not constant, but depends on the magnetomotive force.

The total resistance of an electric circuit is the sum of the

individual resistances of its parts, and the total reluctance of a

magnetic circuit is the sum of the reluctances of the different

parts, whether iron or air, which together complete the circuit.

When the approximate value of n which corresponds with the
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magnetic fields to be used in a machine is known, this law of the

magnetic circuit enables us to calculate the number of
"
ampere-

turns" needed in winding and exciting the electro-magnets.

Dynamos and
motors.

58. In dynamos, coils of wire wound on iron shuttles or rings

are rotated in the fields of strong electro-magnets,

excited either separately by an independent machine,

or by the current they themselves induce in the rotating coils.

The principle ot the dynamo is best explained by a diagram
such as Figure 84. Let CC' be

a circular coil of wire, spinning
in a magnetic field where the

lines of induction run in the

direction ofthe arrow AB. When
the plane of the coil lies along

AB, no lines of induction pass

through it. As the coil spins

clockwise through 90, the num-

ber of lines threading it con-

tinually increases and reaches a

maximum at EF. From EF on-

wards through 90, the number

decreases. Consequently, the

induced electromotive force is reversed as the coil passes through
the position EF, at right angles to the lines of induction. When
the coil again lies along AB, no lines thread it, and, as it rotates

through the third quadrant, the number again increases. But

now they enter the other face of the coil, and must be counted as

negative. The present increase, then, produces an electromotive

force in the same sense as did the decrease in the second quadrant,
and no change of sign occurs in the electromotive force when the

coil passes the line AB, that is, when its plane lies along the

direction of the lines of induction. The negative lines, however,

will begin to decrease when EF is again passed. Thus the

electromotive force in the coil changes sign whenever the coil passes
the position where its plane is normal to the magnetic field.

By connecting the ends of the coil with brass pieces on an

insulating drum which rotates with the coil, the currents may be
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led away through wire brushes to the external circuit. By proper

arrangements, either alternating currents may be obtained, or the

alternating currents in the coil may be commutated and passed

always in the same direction round the external circuit. In

practice, many coils are wound on the same armature, so that

nearly continuous currents may be obtained; and the substance

of the armature is iron, so that the induction through it is

increased in the -ratio of the magnetic permeability of iron to

that of air.

An elementary and simplified theory of the dynamo enables us

to obtain a quantitative expression, approximately accurate, for

the average value of the current. Let N denote the total number

of lines of magnetic induction which traverse the coil when normal

to the lines of force. Then N must be the number through it

when turned through 180, so that it lies again normal to the field

with its faces reversed. The total change of induction is thus 2JV

during one half-revolution. If t be the time occupied in this half-

revolution, the average rate of change of induction is 2N/t, and

this measures the average induced electromotive force. If we

neglect the change of sign of the current, or if we commutate the

current so that it always passes in the same direction in the

external circuit, we may calculate its average value by dividing the

average electromotive force by R the total resistance of the circuit,

including both that in the coil and that without. If x be the

number of revolutions of the coil per second, t, the time of one

half-revolution, is l/2#, and thus the average current c is given by

If the total area of the coil, including the area of each of its

windings, be A
;
and if B be the magnetic induction in the field,

assumed uniform, then

c R
In alternating current machines, the field-magnets must be

excited separately. In direct current dynamos, they may be

excited by the current of the machine, by connecting the coils

of the field-magnets either in series (Fig. 85) or as a shunt
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(Fig. 86) with the external circuit. In the shunt-wound machine,

an increase of external resistance throws more current through the

Fig. 85. Fig. 86.

magnet coils, and thus increases the induced electromotive force.

In series wound machines, by increasing the external resistance we

diminish the current everywhere, and thus decrease the induced

electromotive force. By a proper combination of shunt and series

coils on the field magnets, it is possible to secure a constant

electromotive force, whatever be the resistance of the external

circuit.

The mechanical force acting on a current in a magnetic field is

used to obtain mechanical power in electric motors, If a current

be passed through the armature of a dynamo in the reverse

direction to that of the current the machine itself will yield, it

is evident that the armature will tend to rotate. At starting, a

large current will pass, but, as the speed increases, a back electro-

motive force is set up by the usual action of the machine, and the

current taken by the motor diminishes. Any dynamo will act

as a motor, though the most convenient mechanical arrangements

usually differ for the two purposes.
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59. The power conveyed by an electric circuit, that is, the

Transformers
WOI>k done per second, is the product of the electro-

and induction motive force and the current, or EC. Thus, by

increasing E, it is possible to convey a large amount

of power by the use of a small current. The conductor required to

carry the current with a certain percentage of heat-loss must

possess an area of cross-section proportional to the current, and

copper is yery expensive. Hence it is economical to generate the

current by a high tension dynamo, and convert the power into

currents of a safe voltage near the consumer by means of an

apparatus called a transformer.

In this instrument, two coils, one of few turns of thick

wire, and one of many turns of thin wire, are wound on a core

of iron wires or strips, which may either be straight or in the

form of a continuous ring. An alternating current of high voltage

is passed round the coil of many turns. The magnetism of the

core is continually reversed by the alternating current, and the

lines of induction through the other coil are reversed continually

also. An induced electromotive force, proportional to the number

of turns of wire, is obtained, and, as the resistance is low, a large

current results. It is obvious that the power of the secondary
current cannot exceed that of the primary, and we have as the

limit of efficiency

If the circuit of the secondary coil be not completed, no current

flows round it, and no power is taken from the transformer. We
should suspect that in these conditions less power is taken from

the primary circuit. This is found to be the case, and the reason

is clear in the light of what was said on page 153. The presence

of a closed secondary circuit in the neighbourhood decreases the

effects of self-induction in the primary, and enables more current

to pass through it. When the secondary circuit is broken, the

primary acts as a choking coil (p. 157), and very little current

flows, owing to the reverse electromotive force of self-induction.

The induction coil, invented by Ruhmkorff, may be classed as

a transformer (Fig. 87). It enables us to obtain an intermittent

current of high electromotive force from the direct current given

by a few voltaic cells. Two coils are wound on an iron core made
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of a bundle of soft iron wires to reduce the loss by eddy currents,

which would circulate extensively in a solid core. The inner coil

is made of a few turns of thick wire, and the outer coil of an

immense number of turns of very fine wire wound in sections,

Fig. 87.

most carefully insulated, and so arranged that turns with high
differences of potential are separated widely from each other.

The primary current, which passes round the inner coil, is inter-

rupted at frequent intervals of time. As a simple means of

effecting this, the arrangement used in electric bells may be

adopted. The primary current is made to pass from a platinum
stud fixed to a spring into a platinum point in contact with it. To
the end of the spring is attached a piece of soft iron, which lies near

one end of the iron core of the coil. When the current passes, the

core is magnetized, and attracts the piece of soft iron. The spring
is pulled away from the point, and the circuit is broken. The

spring then flies back, making contact with the point, and the

current is established once more.

An electrolytic interrupter was invented by Wehneldt, who
found that, if the primary current were passed through a solution

of dilute sulphuric acid, the electrodes being a platinum point and

a platinum plate, rapid interruptions occurred spontaneously. The
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action of this apparatus is not fully understood. It may depend
on sudden evolutions of gas at the electrodes.

By some such automatic arrangement, the primary current is

made and broken rapidly, and a series of alternately directed

electromotive forces are set up in the secondary coil. Since all

the tubes of magnetic induction produced by the primary current

must thread all the turns of the secondary circuit, the induced

electromotive force is very large. Such a coil, then, would furnish

an alternating current in the secondary circuit. By the use of

a condenser, however, we may increase the electromotive force

which arises in the secondary circuit when the primary current

is broken. The condenser is made of intervening sheets of

tin-foil and paraffined paper, the alternate sheets of foil being
connected together. Its opposite systems of plates are connected

one with each side of the contact-breaker : in the usual form, one

with the platinum point and one with the spring. When the

point is in contact with the spring, the condenser is discharged
and the core is magnetized. When the point separates, the

condenser is charged through the primary coil, the process taking

place by a series of electric oscillations which rapidly demagnetize
the iron core. By this means the flux of induction through the

coil is destroyed much more sharply than it would be in the

absence of a condenser, and the electromotive force on breaking
the current is increased greatly.

The use of induction coils has extended considerably of late,

owing to their employment in hospitals for the production of

Rb'ntgen rays, and their application to many of the more recent

branches of physical research.
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CHAPTER VIII.

ELECTRICAL UNITS.

The units of physical measurement. Electrostatic and electromagnetic units.

The determination of a current in absolute measure. The determination

of a resistance in absolute measure. The determination of an electro-

motive force in absolute measure. Other practical units.

60. PHYSICAL science is based on the perceptions of our senses,

and the quantities with which we deal in studyingThe units of J '

physical that branch of knowledge are based, more or less
measurement. T.I i > T

directly, on such sense-perceptions. In measuring
a physical quantity, two factors are necessary. We must choose

and define some unit of the quantity, and we must determine how

many times that unit is comprised in the quantity we wish to

measure.

The ideas of length and time may be regarded as primary-

length as the simplest form of our conception of space, time as

a recognition of sequence in our states of consciousness. It is

usual to take mass as a third fundamental quantity. Whether

mass is to be considered as truly a primary conception, is still

a matter of controversy. In the view of the present writer, the

third primary conception is that of force, which we derive from our

muscular sense when pushing or pulling. Equal masses are then

denned as masses in which equal forces produce equal accelerations,

and unequal masses are in the inverse ratio of the accelerations so

produced.
The conception of mass, whether it is primary or derived from

that of force, is soon found necessary in the mental picture which
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the study of dynamics enables us to make of the world around us.

The great convenience of the conception of mass arises from the

fact that, in any system, the quantity so named is found to remain

constant throughout a series of dynamical changes. On account

of this principle of the conservation of mass, it is well to take

mass as the third fundamental physical quantity, and base our

system of units on those of length, time and mass.

These fundamental units must be selected arbitrarily. In

civilised countries, the unit of length is taken as the length

between two marks on a certain standard metallic bar. In

England there is a standard yard, and in France a standard

metre. In point of fact, both these units are selected arbitrarily

for their convenience, though the original idea of the metre was

derived from a connexion with the supposed dimensions of the

earth. For scientific purposes, the hundredth part of the metre,

or centimetre, is taken as the unit of length.

Like the unit of length, the unit of time is arbitrary, and for

the convenience of daily life the obvious unit to select is the day,

while the sequence of the seasons suggests another equally

arbitrary unit, the year. The exact relation between these two

units can only be determined by careful astronomical observa-

tion. Again, for laboratory use, a smaller unit is convenient,

and the second, a certain fraction of the astronomical unit, is

chosen.

The unit of mass, whether pound or kilogramme, likewise, is

fixed arbitrarily, and defined as a mass equal to that of a standard

kept at some Government Office, though the original kilogramme
was made as nearly equal as was then possible to the mass of one

cubic decimetre of water. Once more, a smaller unit is convenient

in the laboratory, and the thousandth part of the kilogramme, or

gramme, has been chosen. The system of units based on the

centimetre, the gramme, and the second, is in almost universal

use for scientific purposes, and may be referred to as the c.G.S.

system.
All other dynamical units may be derived from these three

fundamental units of length, time, and mass. Thus, the unit of

velocity is the velocity of one centimetre per second, and that of

acceleration means unit increase of velocity per second, or the
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acceleration of one centimetre per second per second. The

definition of mass (p. 171) gives us the relation

mass = force/acceleration,

and, therefore, taking mass as our fundamental unit for the sake

of using a constant quantity, we see that the unit of force, in the

c.G.s. system called the dyne, is that force which produces unit

acceleration when acting on unit mass. We may express this

result in the form

[Force] = M[a] = MLT-*,

a relation that gives us the physical dimensions of force in terms

of the three fundamental units. Also we see that the dimensions

of work or energy are given by the relation

[Work] =

61. When we pass to the consideration of electrical quantities,

Electrostatic we find that, in the present state of science, we cannot

magnetic"" express them completely in terms of dynamical units.

units - It is possible that some day this may be done, but,

when the necessary relation has been discovered, it will not follow

that it is better to express electrical quantities in terms of those

of dynamics. It may turn out to be quite as correct philosophically

to express dynamical units in terms of electricity, though the

absence of any special electrical sense may make such a proceeding
less convenient and satisfying to the human mind. It should be

pointed out, however, that, to the electrical fish or torpedo, electric

intensity may be a direct sense-perception, and quite as real as

mechanical force.

On the electrostatic system of units, we ought strictly to define

unit charge of electricity by means of the experimental relation

given on page 23,

where F is the mechanical force between two quantities e^ and e^

of electricity, which as point-charges, are placed in a medium of

dielectric constant & at a distance r from each other.
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Hence, the dimensions of quantity of electricity on the electro-

static system are

and involve the unknown dimensions of the specific inductive

capacity or dielectric constant of the medium, though the con-

ventional unit is defined on the supposition that this unknown

quantity has no dimensions.

In a similar manner, we may deduce the dimensions of the

other electrostatic units, and tabulate them as follows:

Dielectric constant k k

Quantity of electricity e M% 1% T~ l k*

Electric intensity / M$ L~* T~ l k~*

Potential difference V M^ L% T~ l k
~
*

Capacity C Lk

Electrostatic polarization P M% L~% T~ l k%

Current
(
= e/time) c M* L% T~ 2 rf

Strength of magnetic pole

(
= force/current) m M* L% k~%

Magnetic force H M% ib T~* $
Magnetic permeability p L~" T2 k~ l

The electromagnetic system of units should, in like manner, be

based on the expression for the force between two magnetic poles

placed in a medium of magnetic permeability //,,
at a distance r

from each other:

=

though, in our conventional definitions we agree to ignore the

unknown dimensions of the magnetic permeability of the medium.

Unit current is defined as equivalent to magnetic shell of unit

strength, which itself has unit magnetic moment per unit area.

The derivation of the other units which are tabulated below will

be clear.
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Magnetic permeability p p.

Strength of magnetic pole m M^ 1$ T~ l ^
Magnetic force H M% L~% T~ l n~%

Magnetic potential V M* L * T~ l
p.

~
%

Magnetic induction B Mi L ~
$ T~ l ^

Current c M* l T~* n~%

Quantity of electricity

(
= current x time) e M* L%

p,

~
%

Electric potential-difference

or electromotive force For.fi' Jfi L% T~ 2 ^
Electric capacity C L' 1 T2

p,'
1

Dielectric constant k L~ 2 T2
p~

l

Thus, in each system of units, the unknown dimensions of

a property of the dielectric medium are involved its specific

inductive capacity on the one side, and its magnetic permeability
on the other. The accepted definitions of the various units ignore
these unknown quantities, and treat k and

/j,
as numbers having no

dimensions as mere ratios, giving the value of the quantity
in terms of that of air. The unit of electric charge, for instance,

is defined as that quantity of electricity which repels an equal
similar quantity with the force of one dyne when each of the two

quantities is placed as a point-charge in air, at a distance of one

centimetre from the other.

We now see that, by ignoring the unknown dimensions of k

and
//,,

it is possible to arrive at a definition of any electrical or

magnetic quantity by two distinct methods. Two distinct units

result units different in dimensions and different in magnitude,
the difference arising from the assumption that k and

/JL
have no

dimensions. Let us take for example, the unit of current. On
the electrostatic system, the idea of current is derived from that of

electric charge unit current flows through a conductor when
unit charge passes through it at a uniform rate in unit time. On
the electromagnetic system, on the other hand, a current is

detected, defined and measured by means of its magnetic effects
;

the conception of a quantity of electricity is now derived from that

of current. The electromagnetic unit of current is the current

which is equivalent to a magnetic shell of unit strength, or the
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current which produces a magnetic force equal to STT/T at the

centre of a circular path of radius r. By either of these definitions,

we obtain a unit of current different from that derived from the

electrostatic system. The electrostatic dimensions of current, as

usually defined, are those of quantity of electricity divided by time,

or M^L%T~ Z
,
while the electromagnetic dimensions are M^I^T~l

.

Thus, the units of current as ordinarily defined, possess different

dimensions on the two systems, and the ratio of the dimensions of

the electrostatic to those of the electromagnetic unit is

MWT- ~

Now, LT~ l
is the dimensions of a velocity. Hence, the ratio of

the electrostatic to the electromagnetic unit of current involves

the dimensions of a velocity.

Again, on the electrostatic system, the dimensions of capacity,

namely, quantity of electricity divided by potential-difference, are

simply those of length, L, while, on the electromagnetic system,

they are L~ 1T 2
. Here the ratio of the units, electrostatic to

electromagnetic, involves Z2T~ 2
,
that is, the square of a velocity.

These discrepancies between the units of one and the same

quantity depend, as we have seen, on the assumption that the

specific inductive capacity and the magnetic permeability of the

electromagnetic medium are mere ratios quantities of no physical

dimensions, expressing the property of the medium simply as

compared with the same property of air. If, instead of thus

ignoring the dimensions of k and
//,,

we keep these symbols,

unknown as they are, in our definitions, we may assume that the

same quantity, however defined, will possess the same dimensions.

Taking for instance the two definitions of unit current, we have

Thus,

and a similar result is reached whatever pair of units we

consider.

Hence, although the individual dimensions of the two quantities,

the dielectric constant and the magnetic permeability, remain
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unknown, it follows that the dimensions of their product are

determined, and are given by the relation

r

To this important result we shall return later
;
our immediate

concern is with the methods of determining experimentally the

values of different electrical quantities in the absolute electrostatic

or electromagnetic units defined on the assumption that k and
/JL

are quantities having no dimensions.

62. The definition of unit current as equivalent to a magnetic

The deter
shell of unit strength has been shown in 41 ,

minationof Chapter V, to lead to the same results as a more
a current in . . .

absolute practical definition, which makes the unit current

that current which, when flowing round a circle of

radius r, produces a magnetic force of 2?r/r at the centre. From
this definition we deduced the theory of the tangent galvanometer,
and showed that, with proper precautions, that instrument gave a

fairly accurate means of determining the electromagnetic value of

a current. Unfortunately, this method involves a knowledge of the

horizontal component of the earth's magnetic force
; and, not only

is the accurate determination of this quantity a long and laborious

undertaking, but the continual variations of its value make it

necessary to record its changes throughout the time of the

experiments. This objection applies, it is true, to some of the

further methods now to be discussed, but others, less affected by
the difficulty, have been devised.

One such method depends on the measurement by weighing
of the force between circuits when currents flow round them.

Practical instruments have been devised by Lord Kelvin and others

for the measurement of currents by means of such forces. In

these instruments, two small moveable coils are attached one to

each end of the beam of a balance. Each of the moveable coils

lies between and parallel to two larger fixed coils of approxi-

mately equal size, round which the currents pass in such a

direction that the force on one moveable coil acts upwards and

w. E. 12
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the force on the other coil acts downwards (Fig. 88).

pointer at the end of

the beam shows when

it is horizontal, and a

sliding weight can be

adjusted to bring the

beam back to this posi-

tion when it is deflect-

ed. The couple tend-

ing to deflect the beam

varies as the square of the current, while that tending to restore

the beam to its position of equilibrium varies as the displacement

of the sliding weight. Hence the current is proportional to the

square root of the distance between the weight and the fulcrum.

The beam is graduated according to this square root scale, and,

if we know the absolute value of the graduations, the instrument

Fig. 88.

Fig. 89.

may be used as a standard of reference. It is called an ampere-

balance.

For our present purpose of investigating the absolute electro-

magnetic value of some current which can afterwards be recovered,

we must calculate the couple on the moveable coils from the

dimensions and arrangement of the apparatus. We have seen, 41,
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that the magnetic force on the axis of a large circular current not

far from its centre is fairly uniform over a considerable space, and

equal to 27m1cr1

2

/(r1

2 + x*)% where c is the current, r^ the number of

turns of wire, rx the radius of the coil, and x the distance of the

point on the axis from the centre of the coil. We may use this

result to calculate the coefficient of mutual induction between a

large coil and a small coil with parallel planes, the two coils being
co-axial. The coefficient M is the number of tubes of magnetic
induction threading the total area n27rr2

2 of the small coil when

unit current circulates in the large coil. It will therefore have the

value

or 27r2
tt1rz 2r1

2r2
2

/(r1
2

Now we have seen that the mutual potential energy of two

circuits, when unit current passes through both, is measured by
their coefficient of mutual induction. The force on a body in any
direction is equal to the rate of decrease of the potential energy as

the body moves in that direction. Hence, the mechanical force F
on the small coil in the position we have described, tending to

move it towards the large coil when a current c flows round both

coils, is c
2

dM/dx. Thus

F = bTftrf-- c
2

.

If the plane of the small coil coincide with that of the large

one, so that x is nothing, there is no force tending to change x,

while at a great distance also the force vanishes. Hence there is

some position for the small coil where the attraction is a maximum
;

the force is then independent of small errors in the value of x.

In these circumstances, there is a fixed relation between x and r,

and the result may be shown to depend on the ratio of the

effective radii of the large and small coils, not on the absolute

values of those radii. Now the ratio of the radii may be found

by measuring electrically the ratio of the galvanometer-constants
of the two coils, a quantity which can be obtained much more

accurately than the effective radius of a number of turns of wire

wound in a coil.

122
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The approximate theory of the subject given above assumes

that each coil may be treated as a circle, the dimensions of the

channel for the wires being supposed negligible compared with the

radius of the circle. This, of course, is very far from being the

case, and the exact theory of the apparatus is somewhat com-

plicated. Nevertheless, the investigation we have given serves to

illustrate the principles involved.

The method was used by Lord Rayleigh and Mrs Henry

Sidgwick in 1884 for the determination of a current in absolute

measure. The small coil was suspended from one arm of a

balance, the current being taken in by means of flexible leads

of fine copper wire. The large coil, as in the ampere-balance
described above, was doubled

;
one large coil was placed on each

side of the small coil, and the current was sent opposite ways
round the two large coils. The force was thus doubled, and

the magnetic field of force made more uniform.

When a resistance has been determined in absolute measure,

it is possible to construct a standard resistance coil and keep it for

future reference. No such possibility, however, exists in the case

of a current. To determine a certain current in absolute measure

might be of interest to the experimenter at the time, but it would

be of no use for future reference. It is necessary, at the time of

the absolute determination, to measure the same current in some

practical way, which may afterwards be repeated with other

currents, in order to obtain an indirect measurement of those

currents in absolute units.

One property of a current, which has often been used for this

purpose, is its power of depositing a metal from the solution of

one of its salts. This process will be studied in the chapter on

electrolysis. Here it is enough to say that the amount of silver

deposited from a solution of silver nitrate by a given current

flowing for a given time, that is, by the passage of a given

quantity of electricity, is a quantity which, within the limits of

experimental accuracy, seems to be quite constant. The mass of

silver deposited, then, may be used as a measure, not directly

indeed of the current passing at any particular instant, but of

the total .electric transfer round the circuit during the time of



VIII] ELECTRICAL UNITS 181

the observation. If, however, the current be maintained constant

throughout, its value at any instant will be proportional to the

mass of silver divided by the time.

The experiments of Lord Rayleigh and Mrs Sidgwick went to

show that one electromagnetic unit of electricity, when passed

through a solution of silver nitrate from a plate of silver to the

surface of a platinum bowl, deposited 0'0111795 gramme of silver.

Many later experiments have been made, with the result that the

mean of the best observations indicates that the true figure is

probably between O01118 and 0'01119. The ampere, or practical

unit of current, is one-tenth of the electromagnetic unit, and has

been defined for practical purposes by the International Congress
which met at Chicago in 1893 as that current, which, flowing

through a solution of silver nitrate, deposits G'001118 gramme of

silver per second. This is now the legal definition of the ampere,
and it is possible that, even should future research show that the

electromagnetic unit is appreciably different from the value taken

at present, no change would be made in the practical definition of

the ampere. The supposed dimensions of the earth, assumed for

the original construction of the standard metre by the reforming
zeal of the first French Republic, have been shown by later

determinations to be erroneous
;
but the distance between two

marks on the French standard bar then made continues to be

the legal metre.

Another method, for the determination of currents in absolute

measure, depends on the use of an instrument known as Weber's

electrodynamometer. Two large circular coils are mounted with

their planes parallel and vertical, the coils being coaxial. They

maybe looked upon as part of a double- coil tangent galvanometer.
Instead of the needle, however, a smaller coil is hung by a bifilar

suspension at the middle of the line joining the centres of the

two coils. The plane, of the small coil when in its position

of equilibrium, lies at right angles to the planes of the two

large coils. A current is passed in series through the two large

coils, and, by means of the bifilar suspension, through the

small suspended coil, which then tends to set with its plane

parallel to those of the large fixed coils, as may be seen by
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considering the direction of the axis of the equivalent magnetic
shell.

The couple of restitution due to the bifilar suspension is

approximately proportional to the sine of the angle of deflection,

and may be determined by experiment : for a deflection 6 let us

call it b sin 6. The couple due to the current is

27T??! cM cos 6,

where M is the magnetic moment of the suspended coil. The

strength of the current is measured by the strength of the

equivalent magnetic shell, and the strength of a shell is the

magnetic moment per unit area. Thus, the effective area of the

suspended coil being 7rr^nz ,
its magnetic moment is irr<?n<. We

therefore have

27TW-! /I Z.
'

/J- C7rr2
2
7? 2c cos 6 = b sin 6,

r,

or c
2 = - - tan 6.

When a current flows in the suspended coil, the coil tends to

set in the earth's field, and the couple due to this tendency must

be added to that of the bifilar suspension. Corrections are also

necessary for the finite size of the windings, and other differences

between the practical apparatus and the simplified form of it

contemplated by the elementary theory given above.

It should be noted that the deflection depends on c
2
,
so that

the electrodynamometer may be employed for alternating currents.

63. The three quantities, current, electromotive force, and

The determi- resistance, are connected together by the well-known

nation of a relation described by Ohm's law. Hence the electri-
resistance in

.

^

absolute cal quantities involved in the passage of a steady

current are all determined in absolute electromag-
netic measure if the values of two of these three quantities are

known. We have described methods of determining the strength
of a current, and it remains to consider the second type of experi-
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ment, whereby the solution of the problem is completed. The

experiments give values both of the electromotive force and also

of the resistance, since, when the current is known, there is a

necessary relation between them. But, since permanent resistance

coils are easy to -construct, it is usual to regard the experiments as

an investigation of a resistance in absolute measure, or, as the

phrase goes, the determination of the ohm.

The first determination of the resistance of a wire in absolute

electromagnetic measure was made by Kirchhoff, who calculated

from their dimensions the coefficient of mutual induction of two

coils when in a certain relative position, and observed the throw

of a galvanometer when one coil was moved quickly into a position

where the mutual induction was zero.

Joule's calorimetric experiments on the heat developed by a

current (see page 132) give a value for the work done by a current

when passing through a certain resistance. The current may be

measured in electromagnetic units by means of a tangent galvano-
meter or otherwise, and the observed thermal effect then gives

the absolute value of the electromotive force and the resistance

between the ends of the coil immersed in the calorimeter.

The first determination, on which was based an extensive

manufacture of resistance coils, was undertaken at the instance

of the British Association, and was carried out by Balfour Stewart,

Fleeming Jenkin, and Clerk Maxwell in 1863.

In order to understand the principles involved, let us consider

the case of a coil of wire, spinning round a vertical axis in the

earth's magnetic field of force. The plane of the coil being

vertical, the vertical magnetic component will not be involved, and

may be neglected ;
the horizontal component alone need be taken

into account. As we saw in 58, when considering the theory of

the dynamo, a periodic electromotive force is set up in the coil,

the direction being reversed twice in each complete revolution,

when the plane of the coil lies at right angles to the lines of

induction. An alternating current will circulate in the coil; it

will have a periodic time equal to that of the electromotive force,

and, owing to the small self-induction of the coil, will not lag

appreciably behind the electromotive force in phase.
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An alternating current of quick period will not affect an

ordinary galvanometer. By leading off the current into an

external circuit through a rectifying commutator, as described

on page 165, its average value might be determined by a

tangent galvanometer. But such a measurement could give only
a roughly accurate result, and another method was adopted.

If a compass-needle be suspended at the centre of the coil

itself, the position of the coil relative to that of the needle will be

reversed periodically in time with the reversals of the current.

Thus the couple on the needle due to the current will act always
in the same direction, and the needle will suffer a permanent
deflection, which is constant if the coil rotate at a constant rate,

of which the period is rapid compared with the time of vibration

of the needle itself.

The average couple on the needle due to the varying current

in the coil may be calculated, and thus its observed deflection may
be used to determine the average current in electromagnetic units.

It will be noticed that the horizontal component of the earth's

magnetic field comes into each side of the equation of equilibrium

of the needle; it determines the induced electromotive force in the

coil, and the couple tending to deflect the needle; but also it

determines the couple tending to return the needle to its original

position of equilibrium. Therefore, to a first approximation, the

indications of the apparatus are independent of the value of the

earth's field. A correction has to be applied, however, for the

magnetic field of the needle itself, which of course produces an

electromotive force in the spinning coil.

The electromotive force in the coil being thus calculated, and

the current being deduced in electromagnetic units from the

observed deflection of the needle, the resistance of the coil can

be calculated in absolute units, and, by comparison with it,

resistance coils of any required value may be constructed. The

ohm coils based on the results of these experiments the B.A.

units, as they are often called for long were the usual standards

of resistance. Of recent years, however, more accurate determina-

tions of the ohm, both by the use of spinning coils and by other

methods now to be described, have led to the construction of new
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standards. The old B.A. unit is 0'9863 of the new or "inter-

national ohm."

Perhaps the method which is capable of determining a

resistance in electromagnetic units with the greatest precision

is that due to Lorenz, and used by him, by Lord Rayleigh and

Mrs Sidgwick, and by others, for the redetermination of the ohm.

We have seen (page 149) that, if part of a circuit is moveable,

it will tend to travel under the influence of a magnetic field so

that the total induction through the circuit is increased. Let us

imagine that a metallic disc is mounted to rotate on its axis so

that its plane is normal to a magnetic field of known intensity,

and that two brushes touch the disc, one at its axis and one at its

circumference. If a current be passed through the disc between

these brushes, the magnetic force will so act on each element of

current that it tends to move in the direction of the circumference

of the disc. Thus, on the disc as a whole, there acts a force with

a moment about the axis tending to make the disc rotate in its

own plane.

Hence it follows that, in the converse case, when no external

current is passed through the disc, but the disc is made to rotate

by external means in the magnetic field, an electromotive force

will be set up in the circuit, consisting of the disc, the brushes,

and an external wire joining the brushes.

We may calculate the electromagnetic value of this electro-

motive force, by considering the work done by the battery which

we imagined to maintain the current in the first case
; or, more

simply, by reckoning the number of magnetic lines of induction

cut by the lines of current-flow in the disc when it is made to

rotate as supposed in the second case. If n denote the number of

revolutions made by the disc per second, and r its radius, the area

swept out per second by any radius of the disc, and therefore by

any line of current-flow, whether straight or curved, will be mrr2
;

and, if B be the magnetic induction, that is, the number of lines

of induction through unit area, the total change of induction per
second through the circuit, which measures the induced electro-

motive force E, is given by the relation
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where N is the total flux of induction through the disc when
at rest.

Lord Rayleigh placed the disc between two circular coils

through which passed a constant current, the axes of the coils

and of the disc being coincident. If, for the moment, we neglect
the magnetic field of the earth, which is small compared with that

due to the two coils, we see that

N=cM,

where M is the coefficient of mutual induction between the coils

and the disc, and c the current passing through them. The electro-

motive force, due to the rotation of the disc, is now given by

E=ncM.

The arrangement of apparatus is shown in Figure 90. A
galvanometer (1) is placed in the circuit connecting the centre of

Fig. 90.

the disc and the rim, and the electromotive force in this circuit is

balanced against that in a certain part PQ of the main circuit of

the two coils, the resistance between P and Q being adjusted till

no current passes through the galvanometer. If R be the re-

sistance between P and Q, we then have

or nM.
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The value of M, the coefficient of mutual induction between

the two coils and the disc, can be calculated from their dimensions

and relative positions, and hence we obtain the resistance R in

electromagnetic measure.

In a method used by Mr Glazebrook for the determination

of the ohm, the mutual induction between two coils is calculated

from their dimensions and relative position, and then determined

experimentally by observing the throw of a ballistic galvanometer.
The galvanometer is standardised by passing through it a steady

current furnished by the electromotive force between two points

in the primary circuit.

On the mean result of the best determinations, the International

Congress of 1893 re-defined the ohm. One ohm is 109 electro-

magnetic c.G.S. units, and, for practical purposes, may be taken as

the resistance at the temperature of melting ice, of a column of

mercury of uniform cross-section, which, at the same temperature,
has a length of 106'3 centimetres, and a mass of 14*4521 grammes.
Such a column is, as nearly as possible, one square millimetre in

cross-section.

64. As we have pointed out already, when the absolute values

The determi-
* a standard current and of a standard resistance are

nation of an known, that of an electromotive force can be deduced.

force in abso- One method of doing this, used by Mr Glazebrook

and Mr Skinner, may briefly be described. The
current from a battery of accumulators is passed through a silver

voltameter to measure its value in absolute units by reference to

the standard determinations. The current also passes through
two resistance boxes in series, of which the resistances are known
in terms of the standard ohm. The sum of the resistances in the

two boxes is maintained constant, so that, if resistances are taken

out of one box, equal resistances are put into the other. The
current is thus kept constant. If R be the resistance between

the terminals of one box, and c the current through it, the

electromotive force between its terminals is Re, and this electro-

motive force may be balanced directly against that of some constant
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cell, such as that of Latimer Clark, by introducing them in opposite

directions into the same circuit of a high resistance reflecting galva-

nometer, and adjusting the resistances in the boxes till there is no

deflection. The electromotive force of the Clark's cell is then

equal to Re, and thus its value is obtained in absolute measure.

The cell may afterwards be used as a standard, and the electro-

motive forces of other cells determined by comparison with it.

The comparison may be effected by means of the potentiometer.

The volt is 108

electromagnetic units, and the Congress of 1893

defined the International Volt as the electromotive force, which,

steadily applied to a conductor with a resistance of one interna-

tional ohm, will produce a current of one international ampere,
and represented sufficiently well for practical use by 1000/1434
of the electromotive force at 15 C. between the poles of a Clark's

cell prepared according to a standard specification. Since the

date of the Congress several new investigations have been made,
and it seems possible that the true electromotive force of a Clark's

cell is lower by one or two parts in a thousand, and more nearly

equal to 1'432 or T433 of a volt.

65. When the absolute measure of the practical units of

other practical current, resistance, and electromotive force are once
units -

determined, the values of the practical units of the

other electrical quantities follow by definition, and may be de-

termined experimentally by ordinary electrical methods without

new absolute measurements. The following definitions were

adopted in 1893.

Quantity. The International Coulomb is the quantity of

electricity transferred by a current of one international ampere
in one second.

Capacity. The International Farad is the capacity of a

condenser charged to a potential of one international volt by one

international coulomb of electricity.

Work. The Joule is equal to 107 units of work in the C.G.S.

system, and is represented sufficiently well for practical use by the

energy expended in one second by an international ampere in an

international ohm.
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Power. The Watt is equal to 107 units of power in the C.G.S.

system, and is represented sufficiently well for practical use by the

work done at the rate of one Joule per second.

Inductance. The Henry is the induction in a circuit when an

electromotive force induced in this circuit is one international volt,

while the inducing current varies at the rate of one ampere per
second.
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CHAPTER IX.

ELECTEOMAGNETIC WAVES.

The electromagnetic medium. The propagation of an electromagnetic dis-

turbance. The ratio of the electrostatic and the electromagnetic units.

The relation between dielectric constants and optical refractive indices.

The experiments of Hertz. Wireless telegraphy. The origin and mode
of propagation of waves of light. The energy of the electromagnetic
field. The momentum in the electromagnetic field. Magnetic forces as

due to the motion of electrostatic tubes of force.

66. FARADAY was the first to fix his attention on the dielectric

medium as the essential seat of electrical processes.The electro- . ,

magnetic As we saw in Chapter III., it was to Faraday's
" obstinate disbelief" in action at a distance that we

owe most of his researches. Faraday had no skill in mathematical

analysis, and his conceptions were much in advance of the general

knowledge of his time. As was said by the great German

physicist von Helmholtz in his Faraday Lecture for 1881,
" Now

that the mathematical interpretation of Faraday's conceptions

regarding the nature of electric and magnetic forces has been given

by Clerk Maxwell, we see how great a degree of exactness and

precision was really hidden behind the words, which, to Faraday's

contemporaries, appeared either vague or obscure."

Taking up Faraday's ideas, and developing them in new

directions, Maxwell pointed out that, if the energy of an electro-

magnetic system resided in the dielectric medium, it was probable
that the energy passed through that medium with a finite velocity.

When, for instance, an alternating current in one circuit is inducing

a secondary alternating current in another circuit at a distance,
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the energy must pass through the intervening space in some alter-

nating form also. A wave motion of some kind is thus suggested,

and a medium is required to carry the waves to supply what the

late Lord Salisbury once called
" a nominative case to the verb '

to

undulate.'
"

In the chapter of his great book on Electricity and Magnetism,
wherein Clerk Maxwell gave to the world his complete theory

of electromagnetic waves, he writes :

" In several parts of this treatise an attempt has been made to

explain electromagnetic phenomena by means of mechanical action

transmitted from one body to another by means of a medium

occupying the space between them. The undulatory theory of

light also assumes the existence of a medium. We have now to

show that the properties of the electromagnetic medium are

identical with those of the luminiferous medium.

"To fill all space with a new medium whenever any new

phenomenon is to be explained is by no means philosophical, but

if the study of two different branches of science has independently

suggested the idea of a medium, and if the properties which must

be attributed to the medium in order to account for electro-

magnetic phenomena are of the same kind as those which we
attribute to the luminiferous medium in order to account for the

phenomena of light, the evidence for the physical existence of the

medium will be considerably strengthened.
" But the properties of bodies are capable of quantitative

measurement. We therefore obtain the numerical value of some

property of the medium, such as the velocity with which a dis-

turbance is propagated through it, which can be calculated from

electromagnetic experiments, and also observed directly in the

case of light. If it should be found that the velocity of propagation
of electromagnetic disturbances is the same as the velocity of light,

and this not only in air, but in other transparent media, we shall

have strong reasons for believing that light is an electromagnetic

phenomenon, and the combination of the optical with the electrical

evidence will produce a conviction of the reality of the medium
similar to that which we obtain, in the case of other kinds of

matter, from the combined evidence of the senses."

As we shall see, this identity of velocity has been demonstrated
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by experiment, and, as Maxwell says, the evidence for the existence

of a luminiferous and electromagnetic medium an aether is the

same in kind, perhaps as strong in degree to those capable of

judgment, as the evidence for the existence of other kinds of

matter which we can touch and handle. The question whether

this evidence is enough to demonstrate the real physical existence

of entities corresponding to our conceptions of the aether or a

table remains an inquiry for that branch of philosophy known as

metaphysics. Natural science demands the conceptions of aether

and table to bring order into our mental picture of the universe,

but natural science alone is unable to decide whether definite and

ultimate realities exist, corresponding to our conceptions. The

unity and simplicity which these conceptions introduce into our

model of phenomena are valid metaphysical arguments in favour

of their ultimate existence, but the arguments are metaphysical

arguments, not scientific ones, in the limited sense of that word.

Most men of science are realists, but their beliefs on such questions

are metaphysical hypotheses or philosophic dogmas, not the definite

conclusions of natural science.

67. Let us now consider a simple electric system by the

The ro a a properties of which we may investigate the pro-
tion of an

pagation of an electromagnetic disturbance through

magnetic an isotropic medium. Let A and B represent two

vertical metallic plates, forming a condenser charged

with equal and opposite quantities of electricity uni-

formly distributed over each plate. The dielectric

medium between the plates is in a state of strain, and

straight horizontal Faraday's tubes of force may be

supposed to run from the one plate to the other.

If the top of the plates be connected by means of

a wire of high resistance, the plates are discharged.

There is a flow of positive electricity up one plate, and

of negative electricity up the other. Corresponding with

this process, the electric tubes of force move vertically upwards
towards the wire, in which they contract and disappear, as

described on page 58.

While the tubes are moving upwards between the plates, let
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their velocity be v. One tube of force is supposed to proceed from

each unit charge, so that the number of tubes per unit area of

each plate is equal to a, the surface density of electrification

over it.

Now let us consider the magnetic force due to the two current-

sheets which pass up one plate and down the other. By an

investigation similar to that adopted in the case of the solenoid on

page 100, it follows that the magnetic force is farci, where Cj is the

current across unit length normal to the line of flow. The

magnetic force, it will be seen, acts in a direction normal to lines

of current-flow and normal to the electric tubes of force, that is,

in a direction perpendicular to the plane of the paper in the figure.

But the current across unit length is measured by the product
of the charge per unit area into fhe velocity with which the

charge moves. Thus c3 may be replaced by <ru, and the magnetic
force between the plates is 4?rcrv.

As shown on page 55, the dielectric polarization P in the

dielectric medium, is measured by /&/4-7T, where / is the electric

intensity, and k the dielectric constant. This quantity /&/4?r is

also equal to a-, the surface density on the plates, and therefore to

the number of Faraday's tubes per unit cross area. We thus have,

for the magnetic force,

and, for the magnetic induction,

B = 4>7TPVfjL.

Now the essence of Maxwell's theory consists in the recognition
of the magnetic effects of dielectric currents : that is, the recogni-
tion that a magnetic force is produced by a change in the dielectric

polarization, a change which is equivalent to a motion of Faraday's
tubes of electrostatic force. Let us, then, dismiss all ideas of

conductors, and of ordinary electric currents in them, and fix our

attention on a region of the dielectric medium through which are

passing a succession of Faraday's tubes. According to the theory
of Faraday and Maxwell, the existence of a magnetic force means
the motion of electric tubes, and the magnetic force is 4?r times

the product of the number of tubes per unit cross area, a number
which gives us P in the above equation, and of the velocity of the

w. E. 13
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tubes at right angles to their length. The direction of the

magnetic force is at right angles both to the length of the electric

tubes, and to the direction of their motion.

Let us now return to the consideration of the propagation of

a disturbance through the electromagnetic field, and approach the

question from another side. Let us imagine that part of a

circuit consisting of a long straight current is moved in a magnetic
field at right angles to its length and at right angles also to the

direction of magnetic induction B. The rate of change of induc-

tion through the circuit is Blv', where I is the length of the

moving wire, and v' its velocity. Hence the electromotive force

in the wire, or the difference of potential set up between its ends,

is Blv. Exactly the same effect is produced if we suppose the

wire to be at rest, and the magnetic induction to be propagated

through the field with the same velocity v'.

Once more let us suppose that we eliminate from our minds

the idea of a conductor, and imagine the equivalent processes to

occur in the field alone. The current is replaced by a change in

the dielectric polarization, that is, by a movement of the electric

tubes of force. Along the length I of the line of the motion there

exists an electromotive force E, and thus at each point there is

an electric intensity

But we have shown already that the motion of the electric

tubes of force sets up a magnetic induction at right angles both

to their length and to their direction of motion, and that

B = 4wPv/A.

Thus, in the direction of motion of the electric tubes, a wave

of magnetic induction is propagated with the same velocity. This

represents an electromagnetic disturbance, and, putting v equal

to vlf we obtain a second relation between the quantities from

the equation
f=Bv.

On page 37 it was shown that the electric intensity between

two charged planes was given by the relation

- 47TCT
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Hence, since the surface density of electrification cr is numeri-

cally equal to P the dielectric polarization, we have

k
'

a result which is true from point to point in the medium, and

therefore is independent of the particular system considered in

establishing it.

We now have two equations for B,

B =
4-TrPvfjL

and .

v vk

Therefore,
4>7rP

or ^-

and v

and this result, on Maxwell's theory, gives the velocity of an electro-

magnetic disturbance propagated through an isotropic medium

possessing a dielectric constant k and a magnetic permeability /*.

68. In the last chapter on electrical units we saw that the

dimensions of the electrostatic units, as ordinarily

the electro- defined, were different from those of the usual electro-

the electro- magnetic units for corresponding quantities. We
n*f

" etlc
also found that the ratio of any pair of units involved

a velocity or some power of a velocity, and that the

velocity in question was measured by 1/VAyz. Thus it follows that,

by comparing the numerical values of some one pair of units, we

may determine the velocity with which an electromagnetic dis-

turbance is propagated through the medium.

Much experimental skill has been devoted to the measurement

of the number of electrostatic units in one electromagnetic unit

of some electrical quantity. Weber and Kohlrausch found that

one electromagnetic unit of quantity of electricity contained

132
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3*1074 x 1010 electrostatic units. Lord Kelvin compared the two

units of potential, and found a value for v of 2*93 x 1010 centi-

metres per second. Clerk Maxwell balanced a force of electrostatic

attraction against one of electromagnetic repulsion, and obtained

2-88 x 1010
.

On the whole, however, the most convenient pair of units to

deal with are those of capacity ;
and experiments have been made

by Ayrton and Perry, J. J. Thomson and Searle, and others, by this

method. The electrostatic capacity of a condenser of regular form

may, as we have seen, be calculated in simple cases from a

knowledge of its form and dimensions. The same quantity, or

the capacity of another condenser which may be compared with

the first one, may be determined in electromagnetic measure in

one of several ways. The most obvious method consists in charging

the condenser to some known potential-difference by means of a

standard voltaic cell, and then discharging it through a ballistic

galvanometer, of which the constant is also determined. By this

method Ayrton and Perry estimated v to be 2*980 x 1010 centi-

.metres per second. Another arrangement, suggested by Maxwell

and used by J. J. Thomson and Searle, consists in placing a

condenser in one arm of a Wheatstone's bridge, and continually

charging and recharging it by means

of a vibrating tuning fork (Fig. 92).

A series of electric charges is thus

conveyed through the arm of the

bridge, and, if the period of the

fork is very rapid compared with

the swing of the needle of the

galvanometer, the discontinuous

electric transfer through the con-

denser-arm is equivalent to a continuous current. The charge

conveyed . by each vibration of the fork is GV, where C is the

capacity of the condenser, and V the difference of potential

between its plates. If n be the number of complete vibrations

of the fork, or the number of charges per second, the effective

current is nCV. Now a steady current would be given by V/R,
where R is the resistance. Hence, the effective resistance of the

arm of the bridge in which the condenser is inserted is 1/nC.
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From such considerations it is possible to calculate the capacity

of the condenser by applying KirchhofTs laws to the bridge.

Thomson and Searle compared the capacity of the bridge-condenser

with that of two concentric cylinders. By calculating the latter

quantity in electrostatic units, they found that v was 2'9958 x 1010

centimetres per second.

The mean of the determinations of the quantity v is thus very
near the value 3 x 1010 centimetres per second. Now, within the

narrow limits of experimental error, the observed velocity of light

is also 3 x 1010 centimetres per second. In Maxwell's words,
" we

have strong reasons for believing that light is an electromagnetic

phenomenon."

69. Another consequence of the theory may be submitted to

The relation experimental examination. The velocity of an electro-

dteiectric con- magnetic wave through air should bear to its velocity
stants and

through some other transparent medium the ratio

tive indices.
l .

i/^'f^ or v^ . i The magnetic permeability of

ordinary transparent media is sensibly equal to that of air, and

this ratio becomes \/k : 1. But the ratio of the velocity of light

in air to its velocity in another medium measures, on the

undulatory theory and in practice, the refractive index r of that

medium. We should look, then, for a connexion between the

optical index of refraction 'and the dielectric constant of different

transparent substances
;
the theory indicates that the refractive

index should be equal to the square root of the specific inductive

capacity.

The specific inductive capacities tabulated on page 29 are

obtained by measuring the relative capacities of condensers when
their charges are retained for some considerable time a time, at

all events, comparable with a second. But the refractive index

depends on the properties of the medium with respect to the

exceedingly rapid vibrations of light, the periods of which are

of the order 2 x 10~15 seconds. The quantities are not strictly

comparable. An attempt to -secure comparable results has been

made by determining the refractive indices for a series of vibration

frequencies, and estimating their values for a frequency corre-

sponding with an infinite wave length, by some such equation as
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that of Cauchy. But there is some doubt as to the accuracy of

the values so obtained. Cauchy 's formula does not contemplate

any anomalous dispersion, and Maxwell's equations take no account

of dispersion at all. Any comparison by such methods of the

dielectric constants and the refractive indices still remains un-

satisfactory.
Substance *Jk r

Paraffin 1-51 1'42

Benzene 1-54 1-50

Carbon bisulphide 1'63 1-64

Flint glass 3-18 T71

Quartz 2'13 1'55

Distilled water 872 1-33

Thus, with certain substances, great discrepancies exist,

though the considerations we have advanced above more than

explain any such want of concordance. We are unable to produce
electric alternations of periods comparable with those of light,

but the electrical vibrations of systems of small capacity have

frequencies rising to some hundreds of millions per second, and

use has been made of these vibrations to determine some dielectric

constants.

As we have seen, electromagnetic disturbances travel with a

velocity which, in non-magnetic media, varies inversely as the

square root of the dielectric constant. By observing the inter-

ference between two parts of an electromagnetic wave which have

passed over paths of equal length in air and some other medium

respectively, comparisons of velocity have been made. M. Blondlot

and Prof. J. J. Thomson independently found that, in rapidly

changing fields, the specific inductive capacity of glass was less

than in steady fields, and had a value of about 2*8. This gives

*Jk a value of 1*7, in agreement with the optical measurements of

refractive index.

70. Clerk Maxwell published his electromagnetic theory of

light in the year 1865. For twenty years the direct

experiments evidence in its favour was almost confined to the

considerations we have given the concordance of

the value of the velocity involved in the ratio of the electrical
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units with the observed speed of light, and the agreement, more

or less exact, between the indices of refraction of transparent media

and the square roots of their dielectric constants. Maxwell's

theory, although generally accepted in England, was but im-

perfectly known on the Continent, and its merits as a successful

means of representing and co-ordinating electrical phenomena
were hardly realized.

In 1888, the physical world was startled by the announcement

that electromagnetic waves had been produced, and their passage

through space demonstrated, by Professor Heinrich Hertz, then of

the Carlsruhe Polytechnic, who had found moreover that the waves

moved with a speed which, at all events, did not differ much from

the velocity demanded by Maxwell's theory the velocity of light.

In the chapter on electromagnetic induction, it was shown that,

on the analogy between self-induction and inertia, the discharge of

an electrified system of capacity C through a circuit of small

resistance and of self-induction L, gave rise to electrical oscillations

with a period of 27iVZC.

One form of electric oscillator used by Hertz consisted of two

metallic plates in the shape of squares with sides 40 centimetres

in length. The plates were con-

nected by rods about 30 centi-

metres long with two small highly

polished gilt balls placed 2 or

3 centimetres apart. The plates

were connected with the opposite
F*g * 93<

terminals of the secondary circuit of an induction coil. Each time

the plates became charged to a certain difference of potential
a spark is produced, and electric oscillations are set up. With the

apparatus used by Hertz, the period of alternation was about

1'85 x 10~8 seconds. The resistance is high and the self-induction

low; consequently very few oscillations occur at each discharge,
the energy being partly radiated as waves, and partly dissipated
as heat in the spark.

To detect the presence of the electromagnetic waves in the

space surrounding the oscillator, Hertz made use of the principle
of resonance. When any physical system, possessing a natural

period of vibration of its own, is subjected to periodic impulses
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which coincide with the natural period of the system, violent

oscillations are set up. This principle is illustrated by the timing
of the impulses given to a child's swing, and by the sounding of a

piano wire of one particular frequency of vibration when a note in

unison with its own is sung near it.

Hertz's resonator was formed of a circle of wire about 35 centi-

metres in radius, separated at one part of its

circumference by a spark gap made of two small

knobs. By means of a screw, working in an

ebonite frame, the knobs could be adjusted at

any small distance from each other. We may
regard an uncharged conductor as possessing Fig. 94.

equal charges of the opposite kinds of electricity;

and, when properly timed impulses fall on it, electric surgings of

these charges will be set up. As the positive charge swings one

way and the negative the other, the knobs become oppositely

electrified, and their potential-difference may become so great,

owing to the kinetic energy of the oscillating charges, that a

spark passes.

A circle of this size possesses a natural period of electric

oscillation about equal to that of the oscillator used by Hertz, and

thus, if it be moved about in front of the spark-gap of the

oscillator, resonance effects may be observed by the presence of

minute sparks, the length of which depend on the position of the

plane of the resonator and on the position of the air gap therein.

The electric waves given by Hertz's apparatus may be reflected

by metal surfaces, focussed by parabolic mirrors of sheet zinc, and

refracted by large prisms of pitch. A frame of parallel wires

is, transparent to the waves when the wires are perpendicular to

the line of the spark, and opaque when the wires are parallel to the

spark. In all these respects, the electromagnetic waves show the

properties of plane polarized light, in which, according to the

undulatory theory, the vibrations occur in straight lines in a plane
at right angles to the direction of propagation.

When the waves of the sea impinge directly on a straight wall,

they are reflected. Interference results between the direct and

reflected waves, and a system of what are called stationary un-

dulations is set up. The motion of the water in front of the wall is
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such that no waves appear to be moving forward
; any point on the

water simply rises and falls periodically. At certain intervals this

motion ceases, and we get points called nodes, where the water

is stationary. Another illustration of the same principle is given

by the transverse vibrations of a stretched string or wire. If both

ends be fixed, the fundamental mode of vibration gives a node at

each end, and an internode or loop at the middle. This arrange-
ment may be considered to be due to the successive reflection of

the waves at the ends of the string. If the string be held

lightly at the centre, it may be made to vibrate in halves, and, if

it is emitting a sound, the note will be the octave of the first.

Other modes of vibration, giving higher overtones, may also be

produced, the string being more subdivided. The analogy between

the vibrations of the string and the electric waves we have now to

consider is best seen if we imagine the vibrations of the string to

n

Fig. 95.

be set up by connecting one end to a tuning fork, the vibrations

of which are maintained electrically, and keeping the other

end of the string fixed. Waves pass out from the fork, and,

if the length of the string is an exact multiple of the half wave-

length of the undulations travelling along it, stationary waves

are seen, owing to the persistence of visual impressions, the string

being visibly divided into a series of nodes and loops. This system

again may be regarded as due to the interference of the direct and

reflected trains of waves, and from the figure it will be evident

that the distance between two nodes is equal to half the complete

wave-length of the undulations travelling along the string. We
may point out that, if we know the number of waves per second

emitted by the source, and the length of each wave, the product of

these two quantities gives us the distance from the source reached
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by the first wave in one second that is, the velocity of the

disturbance.

In front of an oscillator such as that described above, Hertz

placed a large sheet of zinc to act as a reflector, and set up a system
of stationary electric undulations. When he explored the space

between the oscillator and the reflector, he found that, at certain

places, the length of the sparks obtained in his resonator was a

maximum, while, at other intermediate places, the spark-length
was a minimum. Thus we obtain by direct experiment the wave-

length of electric oscillations of known period, and can deduce an

approximate value for the velocity. Within the limits of experi-

mental error, it proves to be the same as that of light. Maxwell's

theory receives a direct confirmation, of the most striking kind.

Hertz used a resonator constructed to have as nearly as possible

the same period of vibration as the oscillator, and the wave-lengths,
as measured by him, are those of the undulations which synchronize
both with the vibrations of the oscillator and of the resonator. In

repeating his experiments with a series of resonators, Sarasin and

de la Rive found that the wave-length indicated by the distance

between the successive nodes was the wave-length of the vibrations

of the resonator, not of the oscillator. The explanation of this

result is found in the fact that a system like the oscillator is a very

good radiator of electromagnetic energy, and soon loses its ampli-
tude of oscillation. The amplitude of the tenth swing has been

shown to be only about the 1/14 of the first. On the other hand,

the resonator has been shown to be a very slow radiator;

oscillations once set up in it maintain their energy for a con-

siderable time, and more than a thousand swings are needed to

reduce the amplitude to 1/10 of its original value. When the

disturbance from the oscillator falls on the resonator, electric

surgings are set up, even though the tuning be incomplete ;
the

first few impulses being almost the only effective ones. The

resonator goes on vibrating long after the train of waves from the

oscillator has ceased
; and, although its energy of radiation is much

less, it is the direct and reflected waves from the resonator which

form the persistent stationary wave-system investigated in the

region in front of the reflector in the experiments of Hertz and in

those of Sarasin and de la Rive.
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We have seen that the energy of an electric current passes

through the dielectric medium, the current in a wire being merely
the line of dissipation of the energy into heat. But, just as a wire

serves to direct the flow of energy in a steady current, so the

energy of electromagnetic waves may be guided along wires.

Here again, the waves pass through the surrounding medium, and

must travel with the velocity of light in air, and with the velocity

l/A//Jb through other substances. While in the field surrounding
a long straight steady current, Faraday's tubes will be parallel to

the current, and will be moving into the wire at right angles to

their length, with rapidly alternating disturbances, the electric

tubes will be radial to the wire and will move backwards and

forwards along the wire with one end slipping along in its

substance.

71. The theory of Clerk Maxwell and the experiments of

wireless Hertz have borne practical fruit in their application
telegraphy. to fae problems of telegraphy. The resonator used

by Hertz is not a convenient means of detecting the incidence of

electromagnetic waves passing through free space, and better

arrangements were necessary before technical use could be made
of the new discoveries.

Sir Oliver Lodge, adapting an observation of M. Branly,
introduced a form of detector known as the coherer. If a glass

tube have two platinum wires sealed into its ends, and be filled

with metallic filings, the electrical resistance between the wires is,

in the normal state of the tube, very great. If, however, electro-

magnetic radiation is falling on the tube, the resistance is much

diminished, and a current will pass through a relay circuit including
a battery, a galvanometer, and the coherer. If the coherer be kept

constantly tapped, so as to shake the filings, it returns to its initial

state of high resistance when the waves cease, and the current

through it is stopped.

Receivers of still more recent date are founded on the effect or

electromagnetic waves in demagnetizing iron. If a piece of iron

be rotated in a magnetic field, its magnetization lags behind the

magnetizing force owing to hysteresis. Thus, a compass-needle may
be deflected through an angle which depends on the hysteresis of
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the iron. When electromagnetic waves arrive, the iron follows the

magnetizing force more closely, the hysteresis effect is diminished,

and the deflection of the needle changed. Instruments of this

type have been used by Marconi and by Ewing and Walter.

Another type of receiver has been described by Lodge and

Muirhead. It depends on the effect of electromagnetic radiation

on the resistance between a small revolving metallic wheel and

a quantity of mercury covered with a film of oil
;
the rim of the

wheel dips into the mercury.
For long-distance signalling, large quantities of energy are

necessary, and as much of that energy as possible must be collected

at the receiving station. Hence it was only when Marconi intro-

duced the use of an insulated vertical wire 100 or 150 feet in

height to collect the radiation, that it became possible to telegraph
over great distances. The arrangement of a simple form of apparatus
for wireless telegraphy is shown in Figure 96. The induction coil

I'H'H

DE ED
Fig. 96.

/ is connected with a spark-gap 8, the opposite sides of which are

joined, one to the earth, and the other to the long aerial wire A.
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At the receiving station, another aerial wire is connected with one

terminal of the coherer, the other being put to earth. The coherer

is also in a relay circuit, consisting of a battery, a bell, and two

coils LL' possessing self-induction.

In more recent forms of apparatus the oscillations are induced in

the aerial wire of the transmitting station by other oscillations in a

primary circuit of larger capacity and energy-storing power. This

plan increases greatly the effective range. The receiving station is

also furnished with two circuits, and oscillations are induced in the

coherer circuit by those set up in the sky-wire. By adjusting the

periods of vibration of the four circuits, it has been found possible
to prevent, to some extent, the responding of the receiver to other

oscillations than those intended.

72. It is interesting to consider how a wave of light must

The ori in
start and be propagated through the sether. If

and mode of
light is an electromagnetic wave, it must have an

propagation . . . .

of waves of electrical origin. And, indeed, as we snail see in a

future chapter, cumulative evidence of overwhelming

strength indicates that the atoms of bodies, from the vibrations of

which light must arise, are composed of aggregations of corpuscles
each associated with, or identical with, a negative electric charge.

Now let us consider,in a manner suggested by Prof. J. J.Thomson,
an isolated charged body, shown in figure 97.

The lines of electric force must evidently be radial, as shown
in the region near the particle 0,

where Op represents one such

line of force proceeding from the

electric charge at 0. If the elec-

trified particle be travelling for-

wards, in the direction of the

arrow, it carries its lines of force

with it
; and, unless the particle

be moving with a velocity very

nearly equal to the velocity of

light, the distribution of the lines

is unaltered; they still are uni- O &
formly spaced radii, proceeding

Flgt 97<
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from the particle as centre. Whenever electric tubes of force are

moving, there exists a magnetic force at right angles, both to their

length and to their direction of motion, and therefore a magnetic
field must be produced by the moving particle 0.

Now let us imagine the moving particle to be stopped suddenly.
If a change could be propagated instantaneously throughout all

space, the lines of force would stop at once also. But a change in

electromagnetic properties can be propagated only with the speed
of an electromagnetic wave, that is, with the velocity of light.

Thus, when a moving electrified particle is arrested, a pulse of

electromagnetic force starts from the particle as its centre, and

spreads out in circles, rectifying the distribution of the lines of

force as it goes. The effect is shown in Fig. 97. If the particle

had not been stopped, at the end of an interval of time, t, it would

have reached some new position 0', and the lines of force would

be radii from this point as centre. Beyond the sphere reached by
the rectifying pulse, the lines of force will still be moving parallel

to the direction of motion of 0, and, at the instant considered, will

be radii of the point 0', while, behind the spherical pulse, the lines

will be at rest, and will be radii of the point at which the particle

is stopped. The lines of force must be continuous
;
and therefore,

in the pulse itself, the lines must run in some direction such as pq
in the figure. The electric force near pq has then a component at

right angles to the direction of propagation of the disturbance, that

is, at right angles to the radial lines. Whenever a Faraday tube

of electric force moves, it produces a magnetic force at right angles

both to its length and to its direction of motion, and thus the line

of force pq within the pulse produces a magnetic force at right

angles to the plane of the paper. Now the waves of light, and, to

pass to much greater wave-lengths, the waves used in wireless

telegraphy, are sethereal waves of electromagnetic force so

arranged that the electric and magnetic forces are at right angles

to each other, and both at right angles to the direction of propaga-
tion of the waves. It follows that the pulse, indicated by our figure

as spreading out, consequent on its arrest, from a moving electrified

particle, is a pulse of the same nature as the waves of light, with

this exception, that, instead of a series of regular periodic waves,

it consists of a single expanding shell of electromagnetic force.
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But, if, instead of imagining the moving corpuscle suddenly

brought to rest, we suppose that it is reversed in its path, and that

this reversal occurs periodically, so that the corpuscle performs

simple harmonic vibrations, we get, instead of a single thin pulse, a

series of less abrupt but regularly recurring alternations propagated
out from the corpuscle as centre. Each Faraday's tube is set into

oscillation at its inner end, and transverse waves travel outwards

along it, just as waves travel along a stretched cord, when one end

is oscillated periodically by the hand. The distribution of electric

and magnetic force in the advancing wave-front is exactly the same

as in the case of the sudden pulse already studied : we get, in fact,

a series of regular aethereal waves, in which there are electric and

magnetic forces, both in the plane of the wave-front and at right

angles to each other in that plane. But such an arrangement is

precisely that required to explain the phenomena of light.

In the simple case we have taken, the corpuscle oscillates

backwards and forwards in a straight path : the vibrations travel

as tremors along the tubes of force in one plane only ;
the resultant

light is plane polarised. In the more general case, we must

suppose that the corpuscle oscillates in a circular, or elliptical

orbit, and the tubes of force will be displaced in corresponding
motions

; the tremors running along them will no longer be simple
to and fro movements

; points on the tubes will describe curved

paths. These paths change continually as the orbit of the corpuscle

changes, and we get a complete model of the propagation of

common, non-polarised light.

Faraday's tubes, it is clear, give a very powerful and convenient

method of studying the phenomena of the electromagnetic field,

and indications are not wanting that they represent something
more than a useful mathematical fiction. If the structure of the

electric field be discontinuous in reality, as our tube-picture of it

indicates
;

if the electric and magnetic effects of a charge of

electricity are in reality exerted throughout the surrounding space

by means of discrete tubes of force vortex filaments in the aether,

or whatever they may actually be an advancing wave of light

must be discontinuous also. Could we look at such a wave from

the front, and magnify it millions of millions of times, we should

see, not a uniform field of illumination, but a number of bright



208 ELECTRICITY [CH.

specks scattered over a dark ground. Each tube of force would

convey its own tremors, and these would constitute light, but

between them would lie undisturbed seas of aether.

Such an idea about the nature of a wave-front of light is very

unexpected and surprising. We are inclined at once to relegate

our tubes of force to a museum of conceptual curiosities. But it

is a remarkable thing that certain evidence in favour of the

discontinuous nature of a wave-front of light really does exist.

This evidence depends on electric conduction through gases, the

phenomena of which will be described in a future chapter.

73. The laws of force are, as we have seen, of the same form

The energy of for magnetism as for electrostatics, when pole-strength

magnetic"' replaces charge, and magnetic permeability is put
field - instead of specific inductive capacity. The energy of

the electrostatic field ( 23) is f*k/&7r per unit volume, where

f denotes the electric intensity ;
and it must follow, by a similar

method of proof, that the energy per unit volume of a magnetic
field is H2

fji/87r, where H is the magnetic force.

Now, in terms of Faraday's tubes of electric force, we explain

a magnetic force as due to the motion of the electric tubes at right

angles to their length, and thus, if the tubes move with a velocity

v, we have, as in 67 ,

when the number of tubes per unit cross area is N, and the tubes

move at right angles to their length. If the direction of their

motion makes an angle 6 with their length,

We may now write the magnetic energy per unit volume of

the field in terms of the number and velocity of Faraday's tubes of

electrostatic induction. The magnetic energy has the value

07T O7T

sin2
6.

If we regard this energy as the kinetic energy of the tubes,

and the expression for the energy as analogous to the familiar
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formula Jmv
2
,
we see that the energy is that of a mass

moving with the velocity of the tubes in a direction at right

angles to their length.

The kinetic energy of a freely moving body does not depend
on the direction of motion, but a dynamical analogy with the

magnetic energy of the tubes is found in the kinetic energy of

a cylinder moving through a liquid.

A body travelling through a liquid drags some of the liquid

with it, and thus the effective mass of the body is increased. If

the body be a sphere, the added mass is evidently independent of

the direction of motion
; but, if a cylinder be made to travel, it

will carry more liquid when going sideways than when proceeding
in the direction of its length. If its length be very great

compared with its breadth, it will, when moving in the direction

of its length, simply glide through the liquid, and, if that liquid

possesses no viscosity, none of it will be dragged forwards with the

cylinder. Moving sideways the cylinder will be accompanied by
a certain mass M of the liquid, and moving at an angle with

its length, it will have momentum Mv sin 6 at right angles to its

length, the energy due to the liquid in motion being \Mv2 sin2
6.

Our analogy is now clear. The magnetic energy of the field

is 4>7rjuN
2v2 sin2 6

;
and thus we may say that the energy is the

same as the kinetic energy which would exist if real tubes moved

through a material frictionless liquid, and carried with them a mass

of that liquid, the total mass being equal to 4*7r/jLN* when the

tubes moved at right angles to their length. We may imagine, in

fact, that Faraday's tubes are portions of the aether differentiated

from the rest, perhaps by vortex motion, and that these vortex

filaments carry with them a total mass of aether equal to 4 <

7ryuJV
r2

.

The mass of aether bound to each tube is 47T//JV, and therefore

depends on the number of tubes per unit cross area. This result

increases the completeness of the analogy with a moving cylinder,

for a system of many cylinders fixed together would drag forward

more liquid than would the same number of cylinders if moving

independently.

The electrostatic potential energy per unit volume of the field

isf'
2

k/87r, and, as we saw in 22, the number N of Faraday's tubes

w. E. 14
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per unit area, which measures the electrostatic polarization, is

/&/4-7T. Hence the potential energy per unit volume is /JV/2,

or, since / is 4>7rN/k, the energy is %7rN2

/k.

The bound mass M of aether is ^Tr/mN-, and therefore the

potential energy per unit volume is

where F is the velocity of light in the medium. Hence the electro-

static potential energy of the field is equal to the kinetic energy
which the bound mass would possess if moving with the velocity of

light.

The energy of a charged condenser is the potential energy of

electrostatics. When the condenser is discharged by means of a

wire, the statical energy changes suddenly into the kinetic energy
of moving Faraday's tubes, and, in the end, this energy is con-

verted into heat in the conducting wire. Meanwhile, oscillation

may be set up, alternations of potential and kinetic energy occur,

and electromagnetic waves be emitted.

In wave motion, we are accustomed to look for changes in

energy from the kinetic to the potential form; hence, on our

present analogy, we should regard the energy of an electromagnetic

wave as alternating from the magnetic to the electric form.

When all the energy is kinetic, its value per unit volume is

H'2

fjL/87r,
and when potential, /2

&/8?r.

74. If we refer the energy of the magnetic field to the kinetic

The mo- energy of moving tubes of electric force, it follows

dec
n

troSag-
thc

tnat fche field must contain momentum the mo-
netic field. mentum, in fact, of the tubes and the bound aether

which we may imagine to be dragged along with them.

The energy of the magnetic field is J47T/JW sin2
6, with the

same notation as above, and the effective mass M of the tube and

its attendant aether is 4>7Tfj,N
2

. The momentum Mv is thus

^TTfjuN^v sin 0, or, if we take the simplest case, when the tubes move

at right angles to their length, 4*Tr/j,N
2
v. Since the magnetic force

H is 4,7rNv, we may write this momentum as pHN or J5P, where

B is the magnetic induction and P the electrostatic polarization of

the medium.
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Now it is important to understand that this sethereal mo-

mentum has an existence quite as real as the momentum of an

ordinary moving body. Momentum can pass freely from aether to

matter, and from matter back again to aether. If this were not

so, we could not extend Newton's laws of motion to a system

consisting of a charged body and a medium through which passes

an electric pulse. The body would be set in motion, and, unless

we take into account the momentum in the medium, action and

reaction would not be equal and opposite.

Another important case is that of an electromagnetic wave

falling normally on an absorbing surface. Here we have energy

alternating between the kinetic and potential forms, and, in any

given volume of the medium, we may take half the energy at any
instant to be the kinetic energy of moving tubes. The energy per
unit volume of the medium is J4jr/*Jjr

awa, and, on the average, half

of this is kinetic. The average momentum, then, is half that

corresponding with steady motion, or ^jr^N^v per unit volume.

The radiation in v units of volume of the medium reaches unit

area of the receiving surface in one second. Hence, the momentum
communicated to unit area of the surface per second, that is, the

pressure on the surface, is ^4>7TfiN
2v2

which, it will be noted, is

equal to the total energy, kinetic and potential, contained in unit

volume of the medium.

We have supposed the surface to absorb the radiation. If we
use a reflector, the momentum is returned to the medium in the

reverse direction, so that the change of momentum is doubled, and

the pressure of radiation is doubled with it.

A body exposed to electromagnetic radiation of any kind,

including light, will be pushed in the direction of the incident

beam by a pressure which is calculable if we know the amount of

energy received per second and the velocity of light. For instance,

the heat received per square centimetre by surfaces exposed

normally to bright sunlight on the earth is about 2 thermal

(gramme-degree-centigrade) units per minute, or 1/30 heat unit

per second. In dynamical units of energy, this is equal to

4*2 x 107
/30, or 1*4 x 106

ergs per second. This quantity of energy,
received on one square centimetre in one second, is, at the

beginning of the second, spread out through space, occupying a

142
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column one square centimetre in cross section, and 186,000 miles,

or 3 x 1010
centimetres, in length. The energy per unit volume,

then, is, at any instant,

1-4 x 106

3 x 1Q10
= 4-7 x lO-5

ergs per cubic cm.

This number must also represent the force per unit area, in dynes

per square centimetre. Hence, on one square metre of an absorbing

surface, exposed to bright sunlight, the force is

0'4tf dyne = 0'46 milligram-weight.

This pressure, which we have calculated from the conception
of the momentum of moving tubes of force, was originally deduced

by Maxwell as a consequence of the electromagnetic theory.

Larmor has shown that it is necessary on any theory of undula-

tions, and Bartoli has deduced it on thermo-dynamical principles

by an application of Carnot's idea of the reversible cycles of a heat

engine.

As we have seen, on a reflecting surface the pressure is twice

as great as on an absorbing surface, and, by seeking for the differ-

ence between the forces on the absorbing and reflecting surfaces

of light suspended vanes, Professor Lebedef of Moscow has demon-

strated experimentally the existence of this minute radiation-

pressure, and his results have been confirmed and extended by
Professors Nichols and Hull in America.

75. An electrostatic charge is the origin of Faraday's tubes of

Magnetic electric force, and thus, on Maxwell's theory, the

to^t^motion motion of a charged conductor should produce a
of electro-

magnetic field like that due to a current.
static tubes of

force. This conclusion has been confirmed experimentally

by Rowland, Pender, and others. Two circular plates, divided into

sectors by insulating divisions, are fixed parallel to each other, on

one axis, which passes through their centres and is normal to their

planes. When the sectors are similarly electrified and set in

rotation, a magnetic force is produced, equivalent to that which

would be caused by circular currents flowing in the direction of

motion of the electric charges. The magnetic field can be detected

by the deflection of a needle suspended between the plates.
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A permanent steel magnet is accompanied by a steady magnetic
field in its neighbourhood. On our present theory, that field must

be due to the motion of Faraday's tubes of electrostatic force, and

hence the magnet must be the centre of a whirlpool of electric

tubes. The work done in magnetizing a steel bar must include the

energy needed to set this whirlpool in motion, and, once established,

the whirlpool must be regarded as inseparable from the magnet
itself. If we move the magnet, we move with it its attendant

system of rotating electric tubes.

In a steady magnetic field there are no electromotive forces

no induced currents are found unless the magnetic field is changing.

But a single tube of electrostatic force implies an electric intensity,

which tends to move electricity, and thus to set up a current. We
are driven to conclude, therefore, that, in a steady magnetic field,

negative as well as positive tubes of electric force must exist

in motion, and that as many negative as positive tubes enter any
element of volume per second.

Another aspect of this problem is seen if we remember that

positive electric charge induces negative charge on a metal plate

in its neighbourhood. If the positive charge be set in motion, it

produces a magnetic force, which acts through the metal plate

unless that plate be made of thick iron. On the usual view of

electrostatic tubes of force, we should imagine them as springing
from the positive charge, and ending on the induced negative

charge, and it is difficult to see how their motion could then cause

a magnetic field beyond the metal screen. For reasons such as

these, Professor J. J. Thomson now conceives the electrostatic

tubes of force to start from both positive and negative units of

charge, and to run from these charges out into space. If we

imagine, as above, that the nature of the electric tubes may be

represented mentally by some such idea as that of vortex filaments

in the aether, it is easy to picture positive and negative tubes as

oppositely circulating vortices.

These tubes will attract each other if of opposite kind, and will

repel each other, as Faraday supposed, if of the same kind. As far

as electrostatic action is concerned, Thomson's new conception is

equivalent to the older ideas, but it has the advantage of being

applicable also to electrodynamic phenomena. The exact meaning



214 ELECTRICITY [CH. IX

of positive and negative electricity remains, however, uncertain.

In a future chapter, we shall return to the question of the relation

between them.

Whether Faraday's tubes of force are ultimate realities remains,

like all similar questions, a problem of metaphysics. But, if we

hold the realist creed at all, it is difficult to deny a physical basis

to ideas which enable us to explain and co-ordinate so many and

different sense-perceptions.

If we grant them provisionally a real existence, the nature of

the tubes remains to be investigated. The idea of vortex filaments

in the ddther, which we have used above to give definiteness to our

conceptions, may possibly represent some true relation
;
at present

it is no more than a useful working hypothesis.
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76. IN Chapter V. on the Electric Current, we described the

Early origin of the voltaic cell and the change it effected in

the direction of the main stream of electrical research.

The attention of physicists, who had been occupied with the phe-
nomena of electrostatics and of the disruptive discharge of electric

machines and Leyden jars, was turned to the new Held of inquiry,
and the opening years of the nineteenth century witnessed a rapid

development of knowledge, particularly in the chemical effects of

the so-called galvanic or voltaic currents.

The fundamental observation, from which arose the science

of electro-chemistry, was made in the year 1800, immediately on

the news of Volta's discovery reaching England.

Using a copy of Volta's original pile, Nicholson and Carlisle

found that when two brass wires leading from its terminals were

immersed near each other in water, there was an evolution of

hydrogen gas from one, while the other became oxidised. If

platinum or gold wires were used, no oxidation occurred, but
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oxygen was evolved as gas. They noticed that the volume of

hydrogen was about double that of oxygen, and, since this is the

proportion in which these elements are contained in water, they

explained the phenomenon as a decomposition of water. They
also noticed that a similar kind of chemical action went on in the

pile itself, or in the cups when that arrangement was used.

Soon afterwards, Cruickshank decomposed the chlorides of

magnesia, soda and ammonia, and precipitated silver and copper
from their solutions an observation which afterwards led to the

process of electroplating. He also found that the liquid round the

pole connected with the positive terminal of the pile became

alkaline and the liquid round the other pole acid.

In 1806 Sir Humphry Davy proved that the formation of the

acid and alkali was due to impurities in the water. He had

previously shown that decomposition of water could be effected

although the two poles were placed in separate vessels connected

together by vegetable or animal substances, and established an

intimate connexion between the galvanic effects and the chemical

changes going on in the pile.

The identity of
"
galvanism

"
and electricity, which had been

maintained by Volta, and had formed the subject of many investi-

gations, was established in 1801 by Wollaston, who showed that

the same effects were produced by both, while in 1802 Erman
measured with an electroscope the potential differences furnished

by a voltaic pile.

In 1804 Hisinger and Berzelius stated that neutral salt solu-

tions could be decomposed by electricity, the acid appearing at one

pole and the metal at the other, and drew the conclusion that

nascent hydrogen was not, as had been supposed, the cause of the

separation of metals from their solutions. Many of the metals then

known were thus prepared, and in 1807 Davy decomposed potash
and soda, which had been considered to be elements, by passing

the current from a powerful battery through them when in

a moistened condition, and so isolated the metals potassium and

sodium.

The decomposition of chemical compounds by electrical means

indicated a connexion between chemical and electrical forces.

Davy "advanced the hypothesis that chemical and electrical
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attractions were produced by the same cause, acting in one case on

particles, in the other on masses." This idea was developed by
Berzelius, who regarded every compound as formed by the union of

two oppositely electrified parts atoms or groups of atoms. The
exact dualistic formulation of his theory given by Berzelius was

afterwards abandoned, but the essence of the idea the ex-

planation of chemical forces in terms of electrical conceptions
remains to this present.

The remarkable fact that the products of decomposition appear

only at the poles was perceived by the early experimenters on the

subject, who suggested various explanations. Grotthus in 1806

supposed that it was due to successive decompositions and recom-

binations in the substance of the liquid. Thus, if we have a

compound AB in solution, the molecule next the positive pole is

decomposed, the B atom being set free. The A atom attacks the

next molecule, seizing the B atom and separating it from its

partner, which attacks the next molecule and so on. The last

molecule in the chain gives up its B atom to the A atom separated
from the last molecule but one, and liberates its A atom at the

negative pole.

A;B AiB AjB AIB A:B

Fig. 98.

A new terminology, which is still used, was introduced by

Faraday in 1833. Instead of the word pole, which implied the old

idea of attraction and repulsion, he used the word electrode, and

called the plate of higher electric potential, by which the current

is usually said to enter the liquid, the anode, and that by which it

leaves the liquid, the cathode. The parts of the compound
which travel in opposite directions through the solution he

called ions cations if they went towards the cathode, and

anions if they went towards the anode. He also introduced
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the words electrolyte, electrolyse, etc., which we have already

used.

Faraday pointed out that the difference between the effects

of a frictional electric machine and of a voltaic battery

lay in the fact that the machine produced a very great

difference of potential, but could only supply a small quantity
of electricity, while the battery gave a constant supply, much

larger in quantity, but only produced a very small difference

of potential.

77. If we connect together in series a single Daniell's cell, a

galvanometer, and two platinum electrodes dipping
Polarization. 6

into acidulated water, no visible chemical decomposi-
tion ensues. At first a considerable current will be indicated by the

galvanometer ;
the deflection soon diminishes, however, and finally

becomes very small, though this small current seems to leak through

permanently.

If, instead of using a single Daniell's cell, we employ some

source of electromotive force which can be varied as we please, and

gradually raise its intensity, we shall find, when it exceeds a

certain value, about 1'7 volt, that a permanent current of consider-

able strength flows through the solution, and, after the initial

period, shows no signs of decrease. This current is accompanied

by chemical decomposition.
Now let us disconnect the platinum plates from the battery,

and join them directly with the galvanometer. A current will

flow for a while in the reverse direction
;
the system of plates and

acidulated water through which a current has been passed, acts

as an accumulator, and will itself yield a current in return.

These phenomena are explained by the existence of a reverse

electromotive force at the surfaces of the platinum plates. Only
when the applied electromotive force exceeds this reverse force of

polarization, will a permanent steady current pass through the

liquid, and visible chemical decomposition proceed.

Recent experiments, by Le Blanc, Oberbeck, and others, have

shown that the reverse electromotive force of polarization is due to

the deposit on the electrodes of minute quantities of the products of

chemical decomposition. Differences between the two electrodes
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are thus set up, and, if disconnected from the external electromotive

force, the arrangement would act as a source of current, just as

does a primary cell. When acted on by the external electromotive

force, the effect of the deposits is to oppose a reverse electromotive

force to that in the external circuit. As the primary current

continues to pass, the densities of the deposits increase, and with

them grows the reverse electromotive force, till a continuous film

of deposit is formed. This film has, by calculation from the total

electric transfer needed to produce it, a thickness of the order

of 10~8 centimetre a new measurement of the thickness of a layer

of molecular dimensions. The reverse electromotive force of

polarization then reaches its maximum value. If the primary
external electromotive force be not as great as this maximum
reverse force, the maximum value is, of course, not reached

;
the

polarization grows till the reverse electromotive force is sensibly

equal to that applied, and the current nearly stops. The slight leak-

age current which remains is probably due to the gradual diffusion

away from the electrodes of the products of the decomposition. If

the applied electromotive force be greater than the maximum force

of polarization, a permanent current flows, but the effective

electromotive force of the circuit is only the excess of the applied

force E over the reverse force E', the current being (E E')/R.

In the case we have chosen, hydrogen and oxygen are evolved

from acidulated water at the surfaces of bright platinum electrodes.

In contact with these two gases respectively, the system will act

as an accumulator, and continue to give a reverse current till the

gases are exhausted. Now the maximum reverse force of polariza-

tion, about 1*7 volt, is greater than the electromotive force which

the polarized plates themselves exhibit when used as a source of

current. It seems that the process is not reversible in the

thermodynamic sense of the word. If, however, the electrodes be

covered by a deposit of platinum black, by previously passing a

current backwards and forwards between them through a solution

of platinum chloride, Le Blanc has shown that the minimum

decomposition point is 1'07 volt, which is equal to the electromotive

force of the oxyhydrogen gas battery. In this case, then, the

process is reversible. If an external electromotive force of 1*07

volt be applied, the system is in equilibrium ; while, if the applied
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force exceeds or falls short of that value by an infinitesimal amount,
an indefinitely small current will pass one way or the other, and

the gases are slowly evolved or absorbed. The platinum black has

a very large surface, and, owing to the well-known occluding power
of platinum, the gases are probably absorbed in the electrodes as

fast as they are produced. They diffuse through the substance of

the electrodes, and dissolve in the liquid or escape into the atmo-

sphere. On the other hand, when bright plates are used, the exposed
surface is too small to absorb the gases, which must therefore be

evolved directly as bubbles at the plates. In this process a certain

amount of irreversible work is done, and the applied electromotive

force rises to 1*7 volts before it can overcome the opposing force.

By methods we shall describe later, it is possible to separate
the potential-differences at the anode and the cathode, and,

although some doubt remains as to the trustworthiness of the

absolute values, the results may fairly be used when absolute

values are not necessary. It has been concluded from several

series of experiments that, in the case of all substances examined,

the deposition and solution of metals in contact with solutions of

their salts, are reversible processes the decomposition voltage is

equal to the reverse electromotive force which the metal itself

gives when going into solution.

78. During the early investigation of the subject, it was

The nature of thought that, since hydrogen and oxygen were
the ions.

usually evolved, the electrolysis of solutions of acids

and alkalies was to be explained as a direct decomposition of water,

the function of the acid or alkali being imagined simply to be to

give conductivity to the otherwise non-conducting solvent. When
salt solutions are examined, other substances, such as metals, are

deposited at the electrodes, and it is necessary to suppose that the

solute itself takes part in the process of conduction. During the

electrolysis of a solution of copper sulphate, copper is deposited at

the cathode, and copper is dissolved from a copper anode, or oxygen
and sulphuric acid liberated if the anode be of platinum. These

phenomena are explained readily by the hypothesis that the ions

are a positively electrified copper atom, which may be written as

Cu +, and the negatively electrified acid group S04 ,
which
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combines with copper, or, if no dissolvable metal be present,

attacks water to form H2SO4 and oxygen. No facts are known in

this case inconsistent with such a view of the process ; but, in

solutions in some other solvents, a similar supposition seems

insufficient. It is well to remember that the simple case of copper

sulphate is also explicable on the theory that the ions result from

the dissociation of a complex molecule formed by the combination

+
of the salt and the water. The ions Cu (H2O) and S04 (H20) would

produce exactly the same phenomena as those to be expected from

the action of the simpler structures, and the same effects would

result if the charged particles were associated with a number of

of water molecules.

A study of the products of decomposition alone does not lead

necessarily to a knowledge of the ions involved in the passage of

the current through the electrolyte. The electric force is active

throughout the whole solution
;
all the ions must come under its

influence and therefore move, but some may need a smaller electro-

motive force than others for their evolution at the electrode, and

consequently, as long as any quantity of all the ions of the solution

remains in the layer of liquid next the electrode, only these ions

will be evolved.

The issue is obscured in another way also. When the ions are

set free at the electrodes, they may unite with the substance of

the electrode or some constituent of the solution and form second-

ary products. For instance, there is reason to suppose that, in a

dilute solution of sulphuric acid, the ions either are or contain

hydrogen and the acid group SO4 . The ion S04 , however, when it

reaches the anode attacks the water, produces a molecule of H2SO^
and liberates oxygen.

An interesting example of secondary action is furnished by the

common technical process of electroplating with silver from a bath

of potassium silver cyanide. The operation has been studied by
Hittorf among others, who holds that the cation is potassium, and

the anion the group AgCy2 . Each K ion, as it reaches the cathode,

precipitates silver by reacting with the solution in accordance with

the equation
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while the anion AgCy2 dissolves an atom of silver from the anode,
and re-forms the complex cyanide KAgCy2 by combining with the

2KCy produced in the reaction described by the above equation.
If the anode consist of platinum, cyanogen gas is evolved thereat

from the anion AgCy2 ,
and the platinum becomes covered with

the insoluble silver cyanide AgCy, which soon stops the current.

The coating of silver obtained by the process described above is

coherent and homogeneous, while that deposited from a solution

of silver nitrate, as the result of the primary action of the current,

is crystalline and easily detached.

The corresponding cyanide process in the case of gold is now

extensively used for the extraction of gold from its ores. The rock,

containing small quantities of gold in a state of very fine division,

is treated with potassium cyanide, and the solution of the double

cyanide obtained in this way is electrolysed between steel anodes

and lead cathodes. Prussian blue, which is again worked up into

potassium cyanide, is formed on the anodes, and the gold is

removed from the lead cathodes by cupellation.

Many organic compounds can be prepared synthetically by

taking advantage of secondary actions at the electrodes, such as

reduction by the cathodic hydrogen, or oxidation at the anode.

The injurious effects of polarization in primary batteries led to

many attempts to overcome it. The methods in use in the common

form of cell are well known, and have been described in 36,

Chapter V.

79. Davy had shown previously that there was no accumulation

Faraday's
^ electricity in any part of a voltaic circuit, and that

Laws. a uniform flow or current existed throughout. Faraday
set himself to examine the relation between the strength of this

current and the amount of chemical decomposition. He first

proved by observations on the decomposition of acidulated water,

that the amount of chemical action in each of several cells was the

same when the cells were joined together and a current passed

through them all in series, even if the sizes of the platinum plates

were different in each. The volume of hydrogen was unchanged,
even if electrodes of different materials such as zinc or copper
were used. He then divided the current after it had passed
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through one cell into two parts, each of which passed through
another cell before being reunited. The sum of the volumes of the

gases evolved in these two cells was equal to the volume evolved

in the first cell. The strength of the acid solution was then varied,

so that it was different in the different cells in one series, but the

chemical action still remained the same in all. Thus the induction

known as Faraday's first law was made :

The amount of decomposition is proportional to the quantity of

electricity which passes.

An apparatus for the decomposition of water can therefore be

used to measure the total quantity of electricity which has passed
round a circuit. Such instruments are termed voltameters.

The same law was then shown to be true for solutions of various

metallic salts, and also for salts in a state of fusion the weight of

metal deposited being always the same for the same quantity of

electricity. When the relative masses of the deposits of different

substances by the same current were examined, a most important
result appeared, which may be formulated as Faraday's second

law :

The mass of any substance liberated by a definite quantity of

electricity is proportional to the chemical equivalent weight of the

substance. In the case of elementary ions, this equivalent weight
is the atomic weight divided by the valency, and, in the case of

compound ions, it is the molecular weight divided by the valency.

It was then proved that the amount of zinc consumed in each

cell of the battery was identical with that deposited by the same

current in an electrolytic cell placed in the external circuit.

Faraday's work laid the foundations of the modern quantitative

science of electrolysis. His results can be gathered into one

statement, as follows :

The quantity of a substance which separates at an electrode is

proportional to the whole amount of electricity which passes, and

to the chemical equivalent weight of the substance.

80. An accurate confirmation of Faraday's law for solutions of

silver salts has been effected incidentally in the course

of many experimental determinations of the electro-

chemical equivalent of silver. If the value obtained
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for the silver deposited by unit quantity of electricity be the same

when the strength of current and the other conditions of the ex-

periment are varied, the quantity of electricity and the mass of

silver deposited must be proportional to each other. An exact

knowledge of the electrochemical equivalent of silver is of great

importance, since, given this constant, a silver voltameter can be

used as a means of measuring accurately the total quantity of

electricity, or the average current, which has passed through a

circuit.

In order to determine the electrochemical equivalent, a constant

current, which is measured simultaneously in absolute electromag-
netic units (see 62, Chapter VIII), is passed for a measured time

through a solution of some silver salt. The most constant results

are obtained when a neutral solution of the nitrate is used, con-

taining about fifteen parts of salt to one hundred of water, and the

current has an intensity of about one hundredth of an ampere
to the square centimetre. The silver may be deposited on a

platinum bowl used as cathode, the anode being a silver plate

wrapped in filter paper to catch any particles disintegrated. The

electrochemical equivalent is expressed as the number of grams of

silver deposited by a current of one ampere in one second.

The mean result of the best determinations is about O'OOlllS

or 0*001119 gram per ampere-second. As we have stated (p. 181),

the practical definition of the ampere assumes the value O'OOlllS.

The corresponding constant for other elements or compounds
can be calculated from this number by dividing it by the chemical

equivalent of silver, viz. 107'9, and multiplying by the chemical

equivalent of the substance required. The value of hydrogen thus

comes out T044 x 10~5
,
its atomic weight being taken as T008,

when oxygen is 16.

It will be noticed that the chemical constant involved is the

equivalent, and not the atomic weight. Therefore, in the case of

substances like iron, which form two series of salts, the amounts

deposited will be different when solutions of the different salts are

used. The two amounts will be in the proportion of the two

chemical equivalents ;
if a current be sent through solutions of a

ferric and a ferrous salt in series, the resultant weights will be as

56/3 : 56/2.
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With no substance other than silver have such accurate experi-
mental results been obtained, though many observations have been

made on other bodies, solid and gaseous. In all cases, Faraday's
laws have been found to be true within the limits of experimental

error, and we may calculate electrochemical equivalents from the

measured value for silver and the known chemical equivalents of the

different ions. Kohlrausch and Holborn, in their book ' Das

Leitvermogen der Elektrolyte/ give a list of equivalent and electro-

chemical equivalent weights, the experimental value for silver

being taken as 1*118 mg./amp.-sec.

Equivalent weights A (1O = 8'00), and electrochemical equivalents
E in mg./(amp.-sec.) of mono- and di-valent ions.

Solvents other than water, for example acetone, pyridine,

liquified hydrogen chloride, etc. have also been used. Faraday's
laws hold good in such cases, and the electrochemical equivalents
seem to be identical with those obtained when the solvent is water.

Faraday's laws have also been demonstrated for fused salts, many
of which are good electrolytes, with conductivities of the same order

as those of aqueous solutions.

w. E. 15



526 ELECTRICITY [CH.

Again, in recent years it has been shown that, in certain cases,

the discharge of electricity through gases is an electrolytic process

accompanied by chemical decomposition. Here also the correspond-

ing amount of electric transfer is accompanied by the same amount

of chemical separation the electrochemical equivalents are the

same for gaseous electrolytes as for solutions.

In every case of electrolysis, Faraday's laws seem to apply, and

the amount of a given substance liberated by a given transfer of

electricity appears to be the same under all conditions. This

result leads to an exact view as to the nature of the process.

Since the amount of substance deposited is proportional to the

quantity of electricity which passes, it follows that a definite charge
of electricity is associated with a definite mass of the substance.

We are thus led to look on the passage of an electric current

through a solution as due to the carriage by moving parts of the

electrolyte of opposite electric charges in opposite directions through
the liquid. Each ion carries with it a fixed charge of electricity,

positive or negative, which is given up to the electrode under the

influence of an electromotive force above a certain limit. It is

clear that, on this convective view of electrolysis, the conductivity

of a solution must be proportional to the charge on each ion, to

the number of ions, and to the velocity with which they move

through the solution.

Whenever one gramme-atom or gramme-molecule of any mono-

Talent ion is separated at an electrode, the same quantity of

electricity passes round the circuit
;
when the ion is divalent, the

quantity is twice as great, and so on. All monovalent ions must

therefore be associated with the same charge, all divalent ions with

twice that charge, etc.

The quantity of electricity involved is easily calculated by

considering an example. If a current of one ampere flows for one

second, experiment shows that 0*001118 of a gramme of silver is

liberated from the solution of one of its salts. Thus, when the

equivalent weight in grammes is deposited, the quantity of electricity

passing is 107*92/0
t001118 or 96530 ampere-seconds or coulombs.

The same result is of course true for the gramme-equivalent of

any other substance, the gramme-equivalent being the gramme-
molecule or gramme-atom divided by the valency. Whenever a
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gramme-equivalent of a substance is decomposed, therefore, 96530

coulombs of electricity pass round the circuit, and, as we shall

prove later, this is the amount of charge actually transported

through the electrolyte by one gramme-equivalent of any ion.

It is possible to calculate approximately the absolute electric

charge carried by a single monovalent ion, since the number of

molecules in a given volume of gas can be estimated by aid of the

kinetic theory. As a mean value, at C. and normal atmospheric

pressure, there exist about 6 x 1019 molecules in one cubic centimetre

of any gas.

As we have seen, one electromagnetic unit of electricity evolves

T044 x 10~4

gramme of hydrogen, which at normal temperature and

pressure fills a volume of 1*16 c.c., and therefore contains about

7 x 10 19 molecules or 1/4 x 1020
atoms, and yields the latter number

of ions when dissolved as a hydrogen salt. Each ion is then

associated with 7*1 x 10~21

electromagnetic units. The ratio between

the units of electric quantity being 3 x 1010
,
the ionic charge is

about 2*1 x 10~10 electrostatic units.

In a future chapter on the conduction of electricity through

gases, we shall describe experiments by which the absolute charge
on a gaseous ion may be estimated. The value obtained is about

3'4 x 10~10 electrostatic units identical within the limits of error

with the absolute charge on an ion in liquid electrolytes.

Thus, the electric charge on a single monovalent ion seems to

be a true natural unit, and the results we have summarized lead to

an atomic theory of electricity. As von Helmholtz has said,
"
If

we accept the hypothesis that the elementary substances are

composed of atoms, we cannot avoid concluding that electricity

also is divided into definite elementary portions, which behave like

atoms of electricity."

81. The current through a metallic conductor is, to a very

great degree of accuracy, proportional to the electro-

ductivity of motive force applied. As we have seen, this relation,
electrolytes. ..

known as Ohm s law, may be expressed in the form

that c = EjR, where R is a constant for any given conductor under

fixed conditions, and is called its resistance. The law is verified if

the resistance be shown to be independent of the current passing

152
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through it. The early experimenters, in the course of their

investigations, made efforts to discover whether electrolytes also

conformed to Ohm's law. It was known that, owing to the reverse

force of polarization, no permanent current of moderate intensity
could be maintained through an electrolyte unless the electromotive

force exceeded a certain limit; but polarization occurs, primarily
at any rate, at the electrodes, and it remained to see, when all

reverse forces at the electrodes were eliminated, whether the flow of

the current in the body of the liquid was in accordance with the law.

Eventually Prof. F. Kohlrausch, who is now the Director of the

German National Physical Laboratory the great Physikalische
Reichsanstalt at Charlottenburg near Berlin proved that solutions

have a real resistance, which remains constant when measured with

various currents and by different methods.

The current in a circuit containing a electrolytic cell can

therefore be calculated by Ohm's law, if, from the total electro-

motive force of the circuit, be subtracted the reverse electromotive

force due to the polarization of the electrodes and to any changes

produced by the current in the nature and concentration of

different parts of the solution.

82. Owing to the difficulties introduced by polarization, the

Experimental resistance of an electrolyte cannot be measured by
the continuous current methods adopted in the case

of metallic conductors
;

it is necessary, in some way, to eliminate

the effects of the reverse electromotive force at the electrodes.

Many attempts were made before a satisfactory mode of experi-
ment was devised, and developed into a convenient method.

If, instead of using continuous currents, we pass currents which

alternate in direction through a solution, the products of the

decomposition deposited on the electrodes by the passage of the

current in one direction are removed by the reversed current which

follows immediately. If the alternations be rapid enough, the

quantity of substance deposited during each rush of current is

very small. Moreover, when deposition first begins, and we are

still far from the limiting value of the polarization, the reverse

electromotive force is proportional to the surface density of the

deposit. It may therefore be diminished again by increasing the
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area of the electrodes, and spreading the products of the decom-

position over larger areas. The area of a platinum plate is

increased enormously if we coat it with platinum black. In

order to do this, a current is passed backwards and forwards

between two electrodes through a solution of platinum chloride.

By using currents which alternate rapidly, and electrodes coated

with platinum black, the effects of polarization may be made

insensible in our measurements of resistance.

With the usual form of Wheatstone's bridge, alternating
currents would give no deflection of the galvanometer, and some

modification is required. Kohlrausch used a telephone as indicator

in place of the galvanometer ;
a rapidly alternating current gives

a buzzing sound in the telephone, and the bridge is adjusted till

this sound disappears, or is a minimum. The alternating currents

may be obtained by the use of a small induction coil, or by passing
the current of an alternating electric supply system through a

suitable transformer to give an electromotive force of a few volts at

most. The most usual form of apparatus is shown in Figure 99.

Fig. 99.

The metre bridge is adjusted till no sound is heard in the

telephone, when the well-known relation between the resistances

of the four arms of the bridge holds good.
The telephone is not a very pleasant instrument to use in this

way, and a modification of the method is more rapid and also more
accurate. The current from one or more dry cells is led to an ebonite
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drum, turned by a motor or a hand-wheel. On the drum are fixed

brass strips with wire brushes touching them in such a manner
that the current is reversed several times in each revolution. The
wires from the drum are connected with an ordinary resistance box

in the same way as the battery wires of the usual Wheatstone's

bridge. A moving coil galvanometer is used as indicator, and on

the other end of the drum there is another set of strips, arranged
to reverse periodically the connexions of the galvanometer, so that

any residual current which flows through it is direct and not alter-

nating. These strips are rather narrower than the first set, and

thus the galvanometer circuit is made just after the battery circuit

is made, and broken just before the battery circuit is broken. The

high moment of inertia of the galvanometer coil makes its period
of swing very slow compared with the period of alternation of the

current, and therefore the slight residual effects of polarization and

other periodic disturbances are prevented from sensibly affecting

the galvanometer. When the measured resistance is not altered

by increasing the speed of the commutator, or changing the ratio

of the arms of the bridge, the disturbing effects may be considered

to be eliminated.

The form of vessel chosen to contain the electrolyte depends on

the order of resistance to be measured. For dilute solutions the

shapes of Figures 100 and 101 will be found convenient, while for

more concentrated solutions those indicated in Figures 102 and

103 are suitable.

Fig. 100. Fig. 101.

The absolute resistances of certain solutions have been deter-

mined by Kohlrausch by comparison with mercury, and, by using
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one of these solutions in any cell, the constant of that cell can

be found once for all. From the observed resistance of any given

Fig. 102. Fig. 103.

solution in the cell, the resistance of a centimetre cube, or the-

specific resistance, can then be calculated. The reciprocal of this,

or the conductivity, is a more generally useful constant
;

it is

conveniently expressed in terms of a unit equal to the reciprocal

of an ohm.

As the temperature coefficient of conductivity is large, usually

about two per cent, per degree, it is necessary to place the resist-

ance cell in a paraffin or water bath, and observe its temperature
with some accuracy.

83. Kohlrausch expressed his results in terms of equivalent

Experimental conductivity, that is, the conductivity k divided by
results. ^e number n of gram-equivalents of electrolyte per
litre. As the concentration of solutions of monovalent salts> such

as potassium chloride, sodium nitrate, etc., diminishes, the value of

k/n approaches a limit, and, if the dilution be carried far enough
in water distilled repeatedly, becomes constant, that is to> say, at

great dilution the conductivity is proportional to the concentration.

The general result of these experiments can be represented

graphically by plotting k/n as ordinates, and n* as abscissae ; n$ is

a number proportional to the reciprocal of the average distance

between the molecules, to which it seems likely that the equivalent

conductivity will be related. The general forms of the cuirves-

for the neutral salt of a monovalent acid and for a caustic a-lkali OF

monovalent acid (like hydrochloric acid) are shown in Fig. 104. The

curve for the neutral salt comes to a limiting value, while that for

the acid or alkali attains a maximum at a certain very sraalL con-
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Generation, and falls again when the dilution is pushed to extreme

limits. The meaning of this fall still remains to be elucidated. In

some solvents the form of both these curves is entirely different.

Fig. 104.

The values of the equivalent conductivities of all neutral salts

dissolved in water are, at great dilution, of the same order of

magnitude, while those of acids at the maximum are about three

times as great.

Passing to salts of divalent acids and other more complicated

electrolytes, we find it impossible to reach such definite limiting

values for the equivalent conductivity as are given by monovalent

salts. Moreover, the influence of increasing concentration is more

marked, the curves sloping at much larger angles. These changes
in the phenomena are still greater when, as in copper sulphate,

both metal and acid are divalent, and greatest of all in such

substances as ammonia and acetic acid, which have very small

conductivities when dissolved in water.

The migration
of the ions
and transport
numbers.

84. As we saw in the last chapter, the experimental relations

summarized in Faraday's laws indicate that electrolysis

is to be considered as a process resembling convection,

a constant stream of cations moving with the current,

and a stream of anions in the opposite direction. The quantity of

electricity thus conveyed will be proportional tfo the number of

carriers and to the speed with which they travel.

If we pass a current between copper plates through a solution

of copper sulphate, the colour of the liquid in the neighbourhood of



X] ELECTROLYSIS 283

the anode becomes deeper, and in the neighbourhood of the cathode

lighter in shade. This is well seen if the electrodes be arranged

horizontally with the anode underneath. When the electrodes are

of copper, the quantity of metal in solution remains constant, since

it is dissolved from the anode as fast as it deposited at the

cathode, but, if we use platinum electrodes, the amount in solution

continually becomes less. More salt is taken from the neighbour-

hood of the cathode than from the anode, and the colour of the

solution becomes pale more rapidly near the cathode than near

the anode.

This subject was first investigated systematically by Hittorf,

who examined many solutions in a manner which enabled the

liquid round the two electrodes to be analysed separately after

the passage of the current.

We will assume at first that the ions are simple, or, at all events,

that the opposite ions are associated with equal amounts of solvent

or salt. If the opposite ions move with equal velocities, the result of

the passage of the current will be that, while the composition of

the middle portion of the solution remains unaltered, the products

of the decomposition, which appear at the electrodes, are taken in

equal proportions from the solution surrounding the anode, and

from that round the cathode. If, however, one of the ions travels

faster than the other, it will get away from the portion of the

solution whence it comes more quickly than the other ion enters.

When the electrodes are of non-dissolvable material, therefore, the

concentration of the liquid in this region will fall faster than in

that round the other electrode.

Let us assume that the cation drifts to the right with a velocity

u, and the anion to the left with a velocity v. The velocity of the

cation can be resolved into J (u + v) and J (u v), and the velocity

of the anion into $ (v + u) and \ (v u). On pairing these com-

ponents, we have a drift of the two ions right and left, each with a

speed \ (u + v), involving no accumulation at the electrodes, and a

uniform flow of the electrolyte itself without separation with a

speed ^ (u v) to the right.

Thus at the cathode there is a gain of electrolyte equal to

(u v), and a loss, due to electrolytic separation, of J (u + v) : a total

loss of v. At the anode there is a loss of (u v) and a loss of
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\ (u + v), a total loss of u. The initial losses of electrolyte at the

two electrodes, then, before diffusion sensibly affects the result, are

in the same ratio as the velocities of the ions travelling away from

them.

The process can be illustrated clearly by a method due to

Fig. 105.

Hittorf. In Fig. 105 the black dots represent the one ion, and the

white circles the other. If the black ions move to the left twice

as fast as the white ions move to the right, the black ions will move

over two of our spaces while the white ones move over one. Two
of these steps are represented in the diagram. At the end of the

process it will be found that six molecules have been decomposed,
six black ions being liberated at the left and six white ions at the

right. Looking at the combined molecules, however, we see that

while five remain on the left side of the middle line, only three are

still present on the right. The left-hand side, towards which the

faster ions moved, has lost two combined molecules, while the

right-hand side, towards which the slower ions travelled, has lost

four just twice as many. Thus we see that the ratio of the

masses of salt lost by the two sides is the same as the ratio of the

velocities of the ions leaving them. Therefore, on the assumption
that no unsymmetrical complex ions are present, by analysing the

contents of a solution after a current has passed, we can calculate

the ratio of the velocities of its two ions. Hittorf called the

phenomenon the "
migration of the ions,

"
and expressed his results

in terms of a transport number, or migration constant, which gives

the amount of salt taken from the neighbourhood of the cathode

as a fraction of the whole amount that disappears. If there be no

unsymmetrical complex ions, it also expresses the ratio of the

velocity of the anion to the sum of the opposite ionic velocities.
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The following table gives the transport numbers for some few

salts; the concentration of the solutions being expressed as the

number of gramme-equivalents per litre.

Transport Numbers.

n = 0-01 0-1 1-0 2-0

KC1 0-506 0-508 0-514 0'515

AgNO3
0-528 0-528 0-501 0'476

NaOH 0-82 0-825

HC1 0-172 0-176 0-185

CdI2
0-56 0-71 1-12 1-22

iCuSO4
0-632 0-696 0*720

|H 2
S04

0-191 0-174 0-168

The transport numbers for cadmium iodide, which, for solutions

of more than half normal concentration, are greater than unity,

show that the cathode vessel loses more salt than the whole

solution does. It follows that some unaltered salt must travel

through the solution towards the anode, and this result at once led

to the conception of complex anions of the type I (CdI2).
The

changes with concentration in the transport number of many other

substances, such as calcium chloride and copper sulphate, seem too

great to be explained by a different rate of variation of the quasi-

frictional resistance which the solution offers to the passage of the

two ions, and suggest that similar unsymmetrical complex ions

may exist in many solutions.

85. A further step was taken in the year 1879 by Kohlrausch,

Mobility of wno showed that a knowledge of the conductivity
of a solution enables the sum of the opposite

ionic velocities to be calculated. We have seen that we can

represent the facts by considering the process of electrolysis to be

a kind of convection, the ions moving through the solution and

carrying their charges with them. Each monovalent ion may be

supposed to carry a certain definite charge, which we can take to

be the ultimate indivisible unit of electricity; each divalent ion

carries twice that amount, and so on.

Let us consider, as an example, the case of an aqueous solution

of potassium chloride, of which the concentration is m gramme-
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equivalents per cubic centimetre. There will then be m gramme-

equivalents of potassium ions and the same number of chlorine

ions in this volume. Let us suppose that on each gramme-

equivalent of potassium there reside + e units of electricity, and

on each gramme-equivalent of chlorine ions e units. If it- denote

the average velocity of the potassium ions, the positive charge
carried per second across unit area normal to the flow is men.

Similarly, if v be the average velocity of the chlorine ions, the

negative charge carried in the opposite direction is mev. But

positive electricity moving in one direction is equivalent to nega-
tive electricity moving in the other, so that the total current is

me(u + v).

Now let us consider the amounts of potassium and chlorine

liberated at the electrodes by this current. At the cathode, if the

chlorine ions were at rest, the excess of potassium ions would be

the number arriving in one second, viz. mu. But, since the chlorine

ions move also, a further separation occurs, and mv potassium ions

are left without partners. The total number of gramme-equivalents
liberated therefore is m (u + v). Now, by Faraday's law, the

liberation of one gramme-equivalent of any ion involves the passage
of a definite quantity Q of electricity round the circuit. Thus,

the total quantity passing in one second, that is the current, is

mQ(u + v). On comparing this result with the first expression for the

same current, it follows that the charge, e, on one gramme-equivalent
of either ion is equal to the quantity of electricity passing round

the circuit when the gramme-equivalent is liberated.

We know that Ohm's law holds good for electrolytes, so that

the current is also given by kd Vjdx, where k denotes the con-

ductivity of the solution, and d Vjdx the potential gradient, i.e.

the fall in potential per unit length along the lines of current

flow.

dV
Thus me (a + v)

= k
-^- ;

k dV
or u + v = . -j- ,me dx

an equation in which everything may be expressed in centimetre-

gramme-second units. By measuring I/A; in ohms (an ohm being
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C.G.S.), e in coulombs (10"
1

), and writing n for the number of

gramme-equivalents of solute per litre instead of per cubic centi-

metre, we get

u + v = - W-* -. -j- .

ne ax

Now e is 96530 coulombs
;
so that for a potential gradient of 1 volt

per centimetre (10
8
c.G.S. units), we have

/
Ul + v! = 1-036 x!0~2 x -

n

which gives the relative velocity (or the sum of the opposite

velocities) of the two ions in centimetres per second under unit

potential gradient. These numbers, u^ and v,, measure what we

may call the mobilities of the two ions.

Since the transport numbers give us the ratio of the ionic

velocities if no unsymmetrical complex ions are present, we can

deduce the absolute values of u^ and v
t
from this theory. Thus,

for instance, the conductivity of a solution of potassium chloride,

containing one-tenth of a gramme-equivalent per litre, is 0'01119

of a reciprocal ohm at 18 C. Therefore

Ul + v,
= 1-037 x 10-2 x 0-1119

= 0-001165 cm. per sec.

Hittorf's experiments show us that the ratio of the velocity of

the anion to that of the cation in this solution is "51 : '49. The
absolute velocity of the chlorine ion under unit potential gradient
is therefore 0'000595 cm. per sec., and that of the potassium ion

0'000570 cm. per sec. Similar calculations can be made for solutions

of other concentrations and of other salts. An examination of the

results shows that, in general, the velocities of the ions increase as

the concentrations of the solutions diminish, and, at great dilution,

the velocity of an ion in the solution in water of a simple binary
salt is independent of the nature of the other ion present. From
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this result we may deduce the existence of specific ionic mobilities,

the values of which are given in the table for different monovalent

ions in centimetres per second per volt per centimetre.

Experimental
measurements
of ionic

velocity.

86. Sir Oliver Lodge was the first to measure directly the

velocity of transport of an ion. In a horizontal glass

tube connecting two vessels filled with dilute sulphuric

acid he placed a solution of sodium chloride in solid

agar-agar jelly. This solid solution was made alkaline with a

trace of caustic soda to bring out the red colour of a little phenol-

phthalein added as indicator. A current was then passed from one

vessel to the other along the tube. The hydrogen ions from the

anode vessel of acid were thus carried along the tube, and decolorized

the phenolphthalein as they travelled. By this method the velocity

of the hydrogen ion through a jelly solution under a known potential

gradient could be observed. The results of three experiments gave

0-0029, 0-0026, and 0*0024 cm. per sec. as the velocity of the

hydrogen ion for a potential gradient of one volt per centimetre.

Kohlrausch's number is 0'0032 for the dilution

corresponding to maximum conductivity.
The velocities of other ions have been deter-

mined directly in another way bythe present writer.

Two solutions, having one ion in common, of equi-
valent concentrations, different densities, different

colours, and nearly equal specific resistances, were

placed one over the other in a vertical glass tube.

An improvement on the original apparatus is

shown in Fig. 106. The lighter solution is placed
in the U tube, and the denser solution then run in

below it. We may use, as an example, decinormal

solutions of potassium carbonate and potassium
bichromate. The colour of the latter is due to

the presence of the bichromate group, Cr2 7 .

When a current is passed across the junction, the

anions CO3 and Cr2O7 travel in the direction

opposite to that of the current, and their velocity

may be determined by measuring the rate at

which the colour boundary moves. The mobility Fig. 106.
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of an ion is found to be very little less in a solid jelly than in an

ordinary liquid solution. The velocities may be measured therefore

by tracing the change in colour of an indicator, or the formation of

a precipitate. Thus decinormal jelly solutions of barium chloride

and sodium chloride, the latter containing a trace of sodium

sulphate, may be placed in contact. Under the influence of an

electromotive force, the barium ions move up the tube, and their

presence is shown by the trace of insoluble barium sulphate

formed. By keeping the conductivities of the two solutions

nearly the same, discontinuity of potential gradient may be

avoided, and the gradient may then be calculated from the

area of cross-section
.
of the tube, the conductivity of the

solution, and the strength of the current as measured with a

galvanometer.
These methods have been improved and extended by Orme-

Masson and B. D. Steele. The general results confirm the results

of Kohlrausch's theory for simple binary salts. In solutions of more

complicated electrolytes, the presence of unsymmetrical complex
ions is suggested by other evidence, and the concordance of the

direct measurements with Kohlrausch's theory is less exact.

As the concentration of dilute aqueous solutions increases, the

conductivity falls, and the calculated ionic velocities with it. The

direct measurements confirm this decrease of velocity and verify

the calculation in the case of simple binary electrolytes. The
diminution of conductivity may be due to an increase of the

frictional resistance offered by the liquid to the passage of the

ions, to part of the solute failing to be ionized, or to a combination

of these causes. If we assume that the second cause alone is

involved, the fraction a of the electrolyte ionized will be given by
the ratio between the equivalent conductivity X of the solution,

and its value \x at infinite dilution. But it is important to

remember that, only on the assumption named, may we write

87. When two metallic conductors are placed in an electrolyte,

voltaic
a current will flow through a wire connecting them

provided that a difference of any kind exists between
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the two conductors in the nature either of the metals or of the

portions of the electrolyte which surround them. A current can

be obtained by the combination of two metals in the same

electrolyte, of two metals in different electrolytes, of the same

metal in different electrolytes, or of the same metal in solutions of

the same electrolyte at different concentrations.

In order that the current should be maintained, and the

electromotive force of the cell remain constant during action, it

is necessary to insure that the changes in the cell, chemical or

other, which produce the current, should neither destroy the

difference between the electrodes, nor coat either electrode with a

non-conducting layer through which the current cannot pass. As

an example of a successful cell of fairly constant electromotive

force, we may take that of Daniell, which consists of the electrical

arrangement
zinc / zinc sulphate solution / copper sulphate solution / copper,

the two solutions being usually separated by a pot of porous
earthenware. When the zinc and the copper plates are connected

through a wire, a current flows, the conventionally positive

electricity passing from copper to zinc in the wire and from zinc

to copper through the cell. Zinc dissolves, and zinc replaces

an' equivalent amount of copper in solution, copper being

deposited simultaneously on the copper electrode. The internal

rearrangements which accompany the production of a current do

not cause any change in the original nature of the electrodes,

and, as long as a moderate current flows, the only variation in

the cell is the appearance of zinc sulphate on the copper side

of the porous wall. While the supply of copper sulphate

is maintained, copper, being more easily separated from its

solution than zinc, is deposited alone at the cathode, and the

cell remains constant. On the other hand, if no current be

allowed to flow, slow processes of diffusion, unchecked by migration
in the opposite direction, will cause copper to appear in the

anode vessel, and finally to be deposited on the zinc. Little

local galvanic cells are thus formed on the surface of the zinc,

which then dissolves, even though the circuit of the main cell is

not completed. Till this deposition occurs, the cell can be left

no open circuit without waste, and no zinc will dissolve if it is
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chemically pure. If, however, commercial zinc, which contains

iron, be used, local action is again set up. This action can be

prevented by amalgamating the zinc
; probably because that

process produces a uniform surface, iron being insoluble in

mercury.

88. Considered thermodynamically, galvanic cells must be

Reversible divided into reversible and non-reversible systems.

If the slow processes of diffusion be ignored, the

Daniell cell already described may be taken as a type of a

reversible cell. Let an electromotive force exactly equal to that of

the cell be applied to it in the reverse direction. When the

applied force is diminished by an infinitesimal amount, the cell

produces a current in the usual direction, and the ordinary

chemical changes occur. If the external electromotive force exceeds

that of the cell by ever so little, a current flows in the opposite

direction and all the former chemical changes are reversed,

copper dissolving from the copper plate, while zinc is deposited

on the zinc plate. The cell, together with this balancing electro-

motive force, is thus a reversible system in true equilibrium, and

the thermodynamical reasoning applicable to such systems can be

used to examine its properties.

Cells from which gas is lost into the atmosphere, such as Volta's

original couple, zinc / dilute acid / copper, and others in which

irreversible processes of reduction occur, such as the Grove

arrangement, zinc / dilute suphuric acid / nitric acid / platinum,

form essentially irreversible systems. Moreover, it does not follow

that, because an accumulator can be used to give a current in the

reverse direction to the charging current, it is, in the thermodynamic

sense, a reversible cell. This is only the case when an electromotive

force greater by an indefinitely small amount than the secondary
electromotive force of the cell will reverse the current through it

and the chemical actions in it also. For this to be possible, it is

necessary that the whole of the energy of the charging current

should be put into available energy of chemical separation, which

can all be regained when the cell is discharged.

Let us imagine that a reversible cell, balanced by an equal and

opposite electromotive force, is put through a thermodynamic cycle

W. E. 16
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of changes, after the manner of Carnot's engine. Let us draw an

indicator diagram with ordinates denoting the electromotive force

E of the cell, and abscissse representing the electric transfer through
the system. Let the system be placed in a chamber at a tempera-
ture T, and the balancing electromotive force be reduced infinitesi-

mally, so that a quantity e of electricity passes reversibly through
the cell. The electrical work done is Ee. In the indicator diagram,

Fig. 107.

Fig. 107, we travel along the isothermal line AB, and the cell absorbs

a quantity h of heat to keep its temperature constant.

Let us suppose that the system is thermally isolated, and

that a further infinitesimal electric transfer occurs in the positive

direction. The cell will either heat or cool; let us suppose
that it cools to a temperature TBT. If its electromotive force

be continually balanced, the process will be reversible. Now let

us place the system in an isothermal chamber at a temperature
T ST, and make the balancing electromotive force infinitesimally

greater than that of the cell. An electric current flows in the

negative direction, and the chemical changes of the cell are

reversed. The indicating point in the diagram passes from C to D,

and a certain amount of electrical work is done on the cell. If, then,

the system be thermally isolated, a further infinitesimal negative

electric transfer will heat the cell reversibly to its original tem-

perature T.

Now, if 8T is a very small temperature interval, the area of the

figure ABCDA in the indicator diagram the area which gives
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the balance of electrical work done by the cell during the cycle is

independent of the particular shape of the ends, and is measured

by the product of the length of the figure and its breadth. What-

ever exact reversible operations are needed to take the cell from

one isothermal line to the other, the electrical work is therefore

given by the product of the length and breadth of the figure. The

length is e the total electric transfer through the cell during

either isothermal process and the breadth is given by the difference

in the electromotive forces at the two temperatures. This difference

E is clearly measured by the product of the temperature difference

ST and the rate of change dE/dT of electromotive force with tem-

perature. Hence the useful electrical work gained from the cell

during the cycle, or the area of the figure ABCDA, is

By the well-known expression for the efficiency of a reversible

heat-engine, the ratio of the external work done to the heat h

absorbed from the source during the hotter isothermal operation is

equal to the ratio of the temperature range over which the engine

works to the absolute temperature of the source. Thus

and

This equation gives us the value of the reversible heat absorbed

by the cell during the isothermal production of a current
;
that is,

the heat which must be supplied at a temperature T in order to

prevent the temperature changing when an amount e of electricity

passes through the cell in the direction of its own electromotive

force. If the temperature coefficient of the electromotive force be

positive, that is, if the electromotive force of the cell increase with

increasing temperature, h is positive also, and heat must be taken

into the cell to keep it isothermal. Left to itself, then, such a cell

will cool when giving a current. On the other hand, if dE/dT
be negative, the cell will be heated by an electric transfer. Both

162
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these effects are, of course, independent of the non-reversible Joule

effect, by which an amount of heat C*Rt is developed by the passage
of a current. If the current be made very small, the Joule effect

may be neglected compared with the reversible effect.

The analogy of this reversible effect with that discovered by
Peltier at the junction of two different metals ( 49) is mani-

fest, and suggests that the site of the present phenomenon is to

be sought at the interfaces between the electrodes of the cell

and the liquids contained therein. This conclusion has been

verified experimentally by Jahn and by Gill, who find the local

thermal effects are in accordance with theory.

When a reversible voltaic cell is giving a current, the source of

the energy is clearly the chemical action. If the same amount of

chemical action were to take place in a calorimeter, without the per-

formance of external work, the system might be brought to the same

final state, with the same internal energy. In this case, all the energy

goes into heat, and the calorimetric heat H evolved is a measure

of the change in internal energy. When used to drive a current, the

same decrease in internal energy must supply the electrical energy

Ee, and also any reversible heat evolved at the junction in the

circuit.
" Heat evolved

"
means heat leaving the system, and

thermodynamically is to be reckoned negative. But, as we have

seen, the reversible heat h is equal to eTdEjdT. Hence we

have
dE

If X denote the calorimetric heat evolved by an amount of

chemical action corresponding with unit electric transfer, H may
be replaced by \e, and we obtain the relation

dE

,,.;.W'

an expression for the electromotive force of a voltaic cell, which

was obtained by von Helmholtz, and, in a different way, by
Willard Gibbs.
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This equation is a particular example of the general equation

connecting the change in the internal energy of a system with

what is known as the free or available energy. The available

energy A is the amount of external work obtainable by an

infinitesimal, isothermal, reversible change in the system in the

case considered, obviously the electromotive force E multiplied by
the electric transfer e. The change / in the internal energy is \e,

and we may write our equation in the general form

which is applicable to any reversible physical or chemical system.

Returning to the consideration of the equation for the

electromotive force, it will be noticed that, if dE/dT be zero, the

electromotive force is measured by the heat of reaction per unit

electrochemical change. The earliest formulation of the subject,

due to Lord Kelvin, assumed that this relation was true in all

cases
; as, calculated in this way, the electromotive force of

Daniell's cell, which happens to possess a very small temperature

coefficient, agreed with observation.

When one gramme of zinc is dissolved in sulphuric acid, 1670

thermal units are evolved. Hence for the electrochemical unit,

or 0'003388 gramme, the thermal evolution is 5'66 calories.

Similarly, the calorimetric heat corresponding to the electro-

chemical unit of copper is 3*00 calories. Hence, the thermal

equivalent of the unit of electro-chemical change in Daniell's cell is

2'66 calories. The dynamical equivalent of the calorie is 4*18 x 107

ergs, and the electromotive force should be 1112 x 108
c.G.s. units

or I'll2 volts a close agreement with the experimental result

of about T08 volts.

For cells in which the electromotive force changes with

temperature, the accuracy of the equation of Helmholtz and Gibbs

has also been confirmed experimentally.

89. As stated above, an electromotive force is produced

Concentration whenever there is a difference of any kind at two
cells<

electrodes immersed in electrolytes. In ordinary cells
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the difference is secured by using two dissimilar metals, but an

electromotive force exists if two plates of the same metal are placed
in solutions of different substances, or of the same substance at

different concentrations. Another method is to use in the same
solution electrodes of different concentration. Such electrodes

can be constructed by taking hydrogen in contact with platinized

platinum, and making the pressure different at the two ends. In

all such cells the electrical energy is not obtained from chemical

changes, but from the energy of expansion of substances from

greater to smaller concentrations.

Let us take as an example of a concentration cell the

arrangement
silver / dilute silver nitrate / concentrated silver nitrate / silver.

Here metal dissolves in the more dilute solution, and is

deposited from the more concentrated solution, and this process
will continue, since it involves a decrease of available energy, till

the concentrations are equalized.

When one electrochemical unit of electricity passes, one gramme-

equivalent of silver dissolves at the anode, and an equal quantity
is deposited at the cathode. In this manner, the anode vessel

must gain one gramme-equivalent of salt and the cathode vessel lose

the same amount. Now let us consider the motion of the ions

through the solution. The current, which is exclusively carried by
silver ions at the electrodes, is shared between silver ions and N03

ions in the body of the liquid. If the ionic velocities were the same,

therefore, half a gramme-equivalent of each ion would pass across the

surface of contact of the solutions. In the general case, when the

transport ratio of the anion is r, and that of the cation 1 r, the

anode vessel will, on the whole, gain l(lr) or r gramme-

equivalents of silver and therefore of salt, while the cathode vessel

must lose an equal amount, the difference between this case and

that considered on p. 233 consisting in the fact that now we have

a dissolvable anode.

In order to apply thermodynamical reasoning to this case, and

so obtain an expression for the electromotive force, we must, in

some way, complete the cycle of operations, and undo the changes

which have occurred in the cell
;
we must re-concentrate the

solution which has lost salt, and re-dilute the one which has gained
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salt. This process may be performed in one of two ways. We
may evaporate solvent from the one solution, and re-condense it

again on to the other, or we may effect the same result by what is

called an osmotic process.

As we shall see later ( 96), when confined in a cell permeable
to solvent but not to solution, a dissolved substance sets up, by the

entrance of solvent, a certain pressure called the osmotic pressure.

Both theoretically, as a consequence of thermodynamics, and

practically, by experiment in cases such as sugar solutions, the

osmotic pressure has been shown to be equivalent to the pressure

exerted by a gas which, per unit volume, contains the same number

of molecules as the solution contains molecules of solute.

Let us return to the consideration of our concentration cell.

By the electrical process, which involves unit electric transfer

through the cell, r equivalents of salt have been transferred from

the concentrated to the dilute solution. It remains to describe

some process by means of which we may imagine the r equivalents

of salt returned from the dilute to the concentrated solution.

Let us place the more dilute solution, which has received

additional salt by reason of the electric transfer, in an engine-

cylinder, of which the bottom is pervious to the solvent but not to

the salt, and is backed by a large volume of the pure solvent. Let

the pressure on the piston be that of equilibrium. Allow this

pressure to fall by an infinitesimal amount, so that solvent enters

the solution till the concentration is again exactly as it was before

the electric transfer. The change in concentration is very small if

a large volume of solution be present, so that the process practically

occurs at constant pressure and the work gained is PiV1} where

Vi denotes the change in volume, and Pj the constant osmotic

pressure. Now separate bodily from the solution that volume

of it which contains the amount of salt transferred by the current,

and reversibly compress this quantity in an osmotic cylinder

till its osmotic pressure rises to P2 >
that of the more concentrated

solution of the cell. The work done by the osmotic forces

f
p*

is - I Pdv. Finally place this liquid in contact with the

stronger cell solution, connect it through a semi-permeable wall

with the reservoir of the pure solvent, and squeeze out solvent
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till the solution regains its initial volume by the expenditure
of work equal to P2#2 - The thermodynamic cycle is then

complete.

Since both the electrical and the osmotic processes of this cycle
can be made reversible and isothermal, the balance of external

work must vanish. Denoting the electromotive force by E, and

considering the electric transfer e, we may write

Ee + PM - (

P*

Pdv - Pot;* = 0.
> PI.

If we restrict ourselves to dilute solutions, for which the

gaseous laws hold good, P^ must be equal to P2v2 and we
have

FP*
Ee= Pdv.-

j PI

Now, as we shall see later, the osmotic pressure of dilute

solutions of electrolytes has a value such that, on the gaseous laws,

we must suppose that each ion of the salt produces its own

pressure effect. If n be the number of ions given by one molecule

of the salt, the pressure will, in very dilute solutions, be greater

than that of an equivalent solution of a non-electrolyte in the ratio

of n to 1.

Again, e is the electric transfer needed to liberate one gramme-
atom of two opposite monovalent ions at the electrodes, and

therefore to decompose one gramme-molecule of a monovalent salt.

If the salt does not yield two opposite monovalent ions, let y be

the total valency of the anions or of the cations obtained from one

molecule
;
for instance, y will be 2, whether the cations be two

monovalent ions such as the two IF + ions of a molecule of sulphuric

acid, or one divalent ion such as the Cu" -f of copper sulphate. The

total electric transfer corresponding with the decomposition of one

gramme-molecule of salt, and the liberation of one gramme-atom
of each of the ions, is ey.

For dilute solutions, the usual gaseous laws apply, and, with

non-electrolytes, we may write the equation

Pv = RT,

where v is the volume occupied by one gramme-molecule of the
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solute, T is the absolute temperature, and R is a constant.

Keeping the same meaning for T, R, and v, in the case of dilute

electrolytes, the pressure is greater in the ratio of n to 1, where

n is the number of ions given by one molecule of the electrolyte.

We then have

In the concentration cell we have described, instead of one

gramme-molecule, we have to deal with a transfer of r gramme-
molecules, and we must write

nrRT

The equation between the electrical and the osmotic work,

namely,
CP>

Eey = I Pdv,

now becomes
nrRT

(

v* 1E = - - -
ey J Vl

v

,
dv

Vl
v

nrRT, v.2- -
log,

-
ey

*
V!

nrRT . P1

In dilute solutions, the osmotic pressures are proportional to

the concentrations Q and C2 . Hence we obtain, as an expression

for the electromotive force of our concentration cell,

nrRT, Cl

The numerical value of this expression may be calculated. For

decinormal and centinormal solutions of silver nitrate, the transport

number r is the same, and is equal to 0'528. In a cell containing
these liquids, at a temperature of 18 C. or 291 absolute,

2 x 0-528 x 8-28 x 107 x 291E=-
9653 x 1

-x 2-303 xloglo 10
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since R, the gas constant per gramme-molecule, has the value

8'28 x 107
. Hence

E = 0-060 x 108
c.G.s. units,

= 0-060 volts.

Nernst measured the electromotive force of this cell experi-

mentally, and found the value

E = 0-055 volts.

This number is in remarkable agreement with the result deduced

theoretically. It confirms the general accuracy of the thermo-

dynamic treatment of the subject given above, and shows that

the assumption that solutions may be treated as "dilute" is

justified for this purpose at the concentrations chosen.

The concentration cell which we have taken hitherto as an

example, namely

silver /
dilute silver nitrate / concentrated silver nitrate / silver,

depends on the migration number for the anion. Cells have also been

devised in which the electromotive force depends on the migration
number for the cation, and other cells in which the effects of

migration are altogether eliminated. An equally good agreement
between theory and observation is found in these cases also.

The logarithmic formulae for all these concentration cells

indicate that theoretically their electromotive force can be

increased to any extent by diminishing without limit the concen-

tration of the more dilute solution
; log P2/Pi then becomes

very great. This condition can to some extent be realized

in a manner that throws light on the general theory of the

subject.

Let us consider the arrangement

Ag / AgCl with normal KC1 / KNO3 / deci-normal AgN03 / Ag.

The concentration of silver chloride is very small in saturated

aqueous solution
;

from the electric conductivity it has been

estimated as 0*0000117 normal. It is still further reduced by the

presence of the large excess of chlorine ions of the potassium
chloride.
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The electromotive force of this cell has been calculated as

O52 volt. This number was confirmed experimentally by Ostwald,

who also examined other cells with similar electrodes giving high
electromotive forces.

Hittorf has shown that the effect of a cyanide round a copper
electrode is to combine with the copper ions. The concentration

of the simple copper ions is then so much diminished that the

copper plate becomes an anode with regard to zinc. Thus the

cell

Cu / KCN / K2SO4 / ZnSO4 / Zn

furnishes a current which carries copper into solution and deposits

zinc. In a similar way silver could be made to act as anode in

presence of cadmium.

90. The principles used in developing the theory of concen-

chemicai tration cells show that the electromotive force of a

Daniell's cell will be raised by diminishing the

concentration of the zinc sulphate solution, into which zinc

dissolves, or by increasing the concentration of the copper sulphate

solution, from which copper is precipitated. Compared with the

total electromotive force, due chiefly to the chemical energy, these

changes are of course small.

Similar ideas have been applied to the chemical changes
themselves by Nernst and others, though in this case the basis

of the investigation is more speculative. When a metal is placed
in contact with the solution of one of its salts, and a current is

passed across the junction and metal dissolved, changes occur

in the chemical, osmotic, and electrical energies of the system.

As the osmotic pressure of the solution rises, the tendency of the

metal to dissolve as electrolytic ions becomes less, and it is

suggested that eventually, at a certain pressure, no further

tendency to dissolve would exist. Above this pressure the metal

would tend to come out of solution and be deposited. This critical

pressure bears no relation to the limit set to the osmotic pressure

of a solution by reason of the finite solubility of the salt. With

some metals it may be much too high to be reached, with others

it may be too low. If the concentration of the solution giving the

critical pressure could be obtained, so that there would be no
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tendency for ions of the metal to enter or leave the liquid, it is

fair to conclude that the metal and solution would be electrically

neutral to each other, and that no difference of potential would

exist between them. This critical osmotic pressure has been

called the electrolytic solution pressure of the metal in the given
solution. Nernst identifies it with the osmotic pressure of the

ions of the metal in the substance of the metal itself. Such an

idea is perhaps suggested by the osmotic pressure of certain metals

when dissolved in mercury to form amalgams.

91. Any reversible cell can theoretically be employed as an

accumulator; though, in practice, conditions of general
Secondary
cells or ac- convenience are more sought after than thermo-
cumulators. . ,-,'

dynamic reversibility.

The accumulator commonly used can be made by placing two

lead plates in dilute sulphuric acid, and passing a current between

them. Hydrogen is evolved at the cathode, while the anode

becomes covered with a layer of insoluble lead peroxide.

The cell is now in a condition to give a current in the reverse

direction, during which process lead sulphate is formed at both

electrodes until these become identical in constitution. In a

second charging, the lead sulphate at the cathode is reduced to

spongy lead, while at the anode it gives peroxide as before.

The mass of spongy material at the electrodes is increased by
continual charging and discharging, a process which adds to the

effective capacity of the cell
;
and the whole preliminary process of

forming the cell can be hastened if the plates receive in the first

place a coating of red lead, Pb2 3 .

The main chemical action of a fully formed accumulator seems

to be in accordance with the equation

Pb02 + Pb + 2H2S04r 2PbS04 + 2H20,

which, read from left to right, describes the discharge, and, from

right to left, the charging of the cell. Although ozone, hydrogen

peroxide, persulphuric acid, and traces of lead persulphate have

been detected, it seems likely that the above equation represents

the chief part of the changes. The concentration of the acid

solution is an important factor in determining the electromotive
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force, which increases with increasing concentration, since part of

the available energy of the reaction is due to the dilution of the

residual acid by the water formed.

It is found in practice that the effective electromotive force

of a secondary battery is less than that required to charge it
;

the energy efficiency of a lead accumulator is from 75 to 85

per cent., although from 94 to 97 per cent, of the current used

in charging it can be regained. This drop in the electromotive

force has led to the belief that thermodynamically the cell

is only partly reversible. Dolezalek, however, has attributed

the discrepancy to mechanical hindrances, which prevent the

equalization of acid concentration in the neighbourhood of the

electrodes, rather than to any essential irreversible chemical

action.

On the provisional hypothesis that the system may be treated

as reversible, the Gibbs-Helmholtz equation

has been applied. The discharge reaction for dilute solutions

gives a calorimetric heat-evolution of 87,000 calories, which, on

the assumption that the energy is all available, is equivalent to an

electromotive force of about T88 volts. This number agrees with

that observed for cells filled with weak acid, and indicates that

the temperature coefficient is very small, a result which has been

confirmed experimentally.

92. The source of the energy of a galvanic cell is certainly

voita's
^e chemical action, a correction being applied for

contact effect. anv reversible heat which the cell absorbs from or

gives up to its surroundings. The exact seat of the difference of

potential, however, remained undetermined for a century, and

proved a fruitful subject of discussion. Volta located it at the

junction of the unlike metals
;
while Faraday's work, which showed

the regular and fundamental part played by the chemical

processes, seemed to indicate the surfaces at which the metals

were in contact with the liquids. These two views of the nature

of the phenomena have continued till the present, though it seems
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that a considerable difference of potential probably exists at the

surface of separation between metals and electrolytes or dielectrics

such as air. The facts to be explained, besides those of the

galvanic cell, are as follows.

Dry zinc and copper brought into contact with each other in

dry air become oppositely charged, and, if their substances are

arranged parallel and very close to each other, so as to form a

condenser of large capacity, these charges may be considerable.

They can be exhibited by separating the plates ;
the capacity is

then diminished, and the difference of potential is thereby increased,

so that it can be indicated by an electroscope or measured by an

electrometer. The natural potential-difference produced by the

contact of zinc and copper is about three-quarters of a volt.

Many experiments have been made on this subject. Ayrton
and Perry have examined many metals, obtaining among others

the following potential-differences in volts:

By the summation of potential-differences,a principle experimentally
established by Volta, we can find the contact effect between any
two metals in this list by adding together the values for all the

pairs of intervening metals.

The theory of the cell given above suggests that the chief

potential-difference is to be sought at the liquid-metal surface;

but it is clear that, before any such interpretation can be accepted,

it must be reconciled with the phenomena of contact electricity

just described. On the analogy of the cell, the most natural

explanation is that the contact potential-difference is due to the

action of the oxygen of the air. It is not necessary to imagine
actual oxidation

;
a sufficient cause might possibly be found in

some slight modification of the film of condensed gas, which seems

to exist on all solid surfaces, and to be so difficult to remove.
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When, instead of the insulator air, the plates are surrounded

by an electrolytic conductor, the slope of potential is accompanied

by a current through the solution. At the contacts of the liquid

with the metals, the natural potential difference is constantly

tending to be set up again by the chemical affinity; thus a constant

current is maintained, and zinc is actually dissolved.

The probability that the contact effect depends on the chemical

action or affinity of the surrounding medium will be much increased

if it can be shown that the magnitude of the effect depends on

the nature of the medium. No change is produced by working in

vessels at high exhaustion, or by placing the metals in an

atmosphere of hydrogen. But the film of gas which clings to a

solid is exceedingly difficult to remove, and it now seems likely

that its persistence explains these negative results. From a

research by Spiers, in which extraordinary precautions were taken

to remove the film of gas, it is clear that the difficulties of getting
rid of it have been greatly undervalued, and that, when it is really

disturbed, large changes in the magnitude of the contact force are

produced. Brown has shown lately that, if the copper and zinc

plates are intensely heated in oil a process which would remove

the surface films Volta's effect disappears. In such a case a

few experiments that yield a positive result, and indicate a

probable reason for the negative results of others, seem to cany
great weight.

The phenomena of thermo-electricity have an intimate connexion

with the subject now under consideration.

Let us consider a complete circuit of two metals, Tt and T2

being the temperatures of the junctions. Let Uj and II2 be the

heat evolved by unit electric transfer at the junctions of the

temperatures Ta and jP
2 respectively; ITj and II2 measure the

Peltier effects. Let cr and <*' denote the coefficients of the

Thomson effect in the two metals. In Chapter vi we showed

that, considering unit electric transfer round the circuit, the

energy principle leads to the result

I - I \ / )

J T
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where E is the total electromotive force round the circuit, while

the consideration of the entropy of the system gives us

U-T1
dT

for the Peltier effect at one junction.

Thus, while the Peltier effects depend on the temperature
-coefficient of the total electromotive force of the circuit, in the

equation for E the Peltier effect appears as a local electromotive

force at the junction. Each electric unit, as it passes across,

introduces an energy effect ell, which involves a reversible evolution

or absorption of heat. The Peltier effects have been determined

experimentally, and their electrical equivalents, which measure

the contact potential-differences at the metallic junctions, are

calculated as a few millivolts only, values much too small to

explain by themselves the observed Volta effects, without taking

account of similar effects at the surfaces of the surrounding

dielectric.

93. Many attempts have been made to determine experi-

mentally the single potential-differences at the

difference? at
a

individual junctions in a circuit containing electro-
the junctions , ,, , T , . ,, p
of metals with lytes as well as metals. In a galvanic cell, tor

example, there must be at least two such junctions,

and the problem is to separate their effects and measure the step

of potential at each. The measured electromotive force gives the

sum of all the single potential-differences, but the impossibility

of connecting directly the electrolyte with an electrometer, without

introducing another metallic junction, throws difficulties in the

way of observing them individually. If a method could be devised

capable of application to one such junction, the combination of

that junction with any other would enable the value for the other

to be calculated from the total electromotive force as observed in

the usual manner.

It has usually been thought that the single potential

difference at the common boundary of mercury and an electrolyte

has been determined satisfactorily by experiments on capillary

electrometers and by others in which mercury was allowed to drop

into a solution from a fine glass nozzle.
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Von Helmholtz pointed out that a potential difference at the

junction of mercury with an electrolyte might be explained by the

supposition of a double layer of electricity over the surface, the

two opposing faces being oppositely charged on the side of the

electrolyte by the congregation of ions. Such a system would

take time to reach its final state, and he concluded that, if mercury
were allowed to drop rapidly from an orifice beneath the surface

of a liquid electrolyte, the double layer would not be established,

and the stock of falling mercury would be brought to the same

potential as the electrolyte. The apparatus therefore might be

used in connexion with an electrometer, the other quadrants being

joined to a quantity of mercury at rest in the same electrolyte.

A difference of potential of about 0*8 or 0'9 volt is obtained

between the dropping mercury and the mercury at rest in dilute

sulphuric acid, but there seems some doubt whether or not the

dropping electrode is really at the potential of the electrolyte, and

the trustworthiness of the method cannot yet be regarded as

established.

Another method by which the measurement of single potential

differences has been attempted depends on electro-capillary

phenomena. The surface tension of the area of contact between

the mercury and a solution is affected by its electrical state. If

the surface be increased, an elec-

tric transfer is produced, and,

conversely, if an external electro-

motive force be applied across the

junction, the area tends to change,

owing to an alteration in the

effective surface tension. These

phenomena have been applied by

Lippmann to the construction of

capillary electrometers, of which

several forms are in frequent use.

In one variety, a vertical glass

tube is drawn to a very fine

capillary. The tube is partially

filled with mercury, and the lower

portion immersed in an electrolyte,
Fig. 108.

W. E. 17
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usually dilute sulphuric acid, in which is placed another quantity
of mercury. The capillary forces tend to raise the mercury surface

in the little tube, and are balanced by the pressure of the long
column. When the mercury in the vertical tube and the mercury
below the electrolyte are connected with two conductors at different

potentials, such as the opposite poles of a galvanic cell, a change
is produced in the level of the surface of contact in the capillary

tube. A microscope with a micrometer eyepiece may be arranged
to view the capillary, and, for small differences, the change in level

is found to be proportional to the applied difference of potential.

The movement is slow, and the final position of the meniscus is

not reached for an appreciable time, probably owing to the high
values of the electrical resistance of the column of electrolyte in

the capillary, and of the frictional resistance to the movement of

liquid through such a narrow tube. While the applied electro-

motive force is a small fraction of a volt, the electrometer behaves

as a condenser of good insulation, retaining its charge for several

hours when disconnected from the cell. On the other hand, when
the applied voltage is greater, electrolysis at the surface seems to

occur, and the charges leak away.
An explanation of these phenomena, based on Lippmann's

observations, has been given by von Helmholtz, on the assumption
that no electrolysis occurs. Any natural potential difference

between two bodies implies an electrification over the boundary, in

such a manner that an electric condenser of minute thickness is

formed, with its parallel faces oppositely charged. This electric

double layer will produce an electrostatic surface energy e, the

value of which is \GA F2
,
where C is the capacity of the double

layer per unit surface, A the area of contact, and V the potential

difference across the layer. Now if V be kept constant, and the

area be increased, we have for de/dA the value J(7F
2

. This increase

in available energy is obtained from the chemical energy which

maintains the natural potential difference, just as the increase

of energy in the quadrant electrometer described on page 46 is

obtained from the battery. In that case, the needle tends to

move so as to cover more of the oppositely charged quadrants ;

and here the area of the double layer, that is, the area of contact

between mercury and electrolyte, tends to increase. This effect
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therefore acts in a sense opposite to that of the ordinary surface

tension S . The resultant surface tension $ will be

On the assumption that the only effect of the potential difference

is to produce such an electrostatic effect, S will be independent of

V, and the total observed surface tension will reach a maximum
when V is zero.

Lippmann and others have found that, in agreement with the

equation given above, the curves drawn between the external

electromotive force and the reading of a capillary electrometer

rise to a maximum and then fall again, their form being roughly

parabolic ;
with dilute sulphuric acid, the maximum of the curve

is reached when about one volt is applied.

By using liquid amalgams, the same electrolyte can be

compared with mercury and what is effectively a different

metal. Rothmund and others have compared the difference

of the values thus measured with the electromotive force of

the cell

amalgam / electrolyte / mercury,

finding concordant results.

The results of these experiments on the whole favour the view

that the electromotive force of a cell is approximately the sum of

the single potential differences at its electrodes as determined by
the capillary electrometer. On the other hand, there is evidence

to show that, in general, the result of an applied electromotive

force on the surface tension is not merely the electrostatic effect

contemplated by the Helmholtz theory, but that it depends also

on the chemical nature of the electrolyte. Whichever side of the

electric double layer is positive, its effect is opposite to that of the

natural surface energy, but there is no reason to suppose that the

effect of anions and cations on the electrolyte side of the double

layer will be identical. The total electrocapillary curve therefore

probably consists of parts of two parabolas which meet at a point,

and a slight want of symmetry observed in the ascending and

descending branches of the experimental curves is thus explained.

Van Laar, who has considered this effect in detail, concludes that

172
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single potential differences cannot be determined accurately by
means of the capillary electrometer.

It is evident from what has been said that there is some doubt

whether the experiments on dropping electrodes and on capillary

electrometers really enable us to calculate even approximately the

natural potential difference which is involved in the electromotive

force of a galvanic cell containing a mercury-electrolyte surface.

Nevertheless, since many useful determinations of other single

potential differences, which, at all events, are relatively exact, rest

on such measurements, in the present condition of the subject

we may provisionally accept the value of about +O92 volt as

the potential difference between mercury and dilute sulphuric

acid, the mercury being positive to the acid. . The step of potential

as thus measured is in the opposite direction to that which occurs

at the surface of a zinc plate. Results are obtained for other

metal-electrolyte surfaces by subtracting this number, or another

similarly estimated for mercury in contact with some other

electrolyte, from the total electromotive force of galvanic cells

arranged in the manner

metal
/ electrolyte / mercury.

Such indirect determinations will contain as a constant error any
deviation of the primary measurement from the true value, but,

as relative numbers, serving to compare the metals among
themselves, they will retain their importance.

In making such experiments, it is usual to employ what is

known as a normal electrode, consisting of a quantity of pure

mercury covered by a layer of mercurous chloride and a solution

of potassium chloride of normal concentration, that is, a solution

containing one gramme-equivalent per litre. An indiarubber tube

ending in a glass tube leads from the solution and is filled with

it (Fig. 109). Contact can thus be made between the potassium
chloride and any other liquid. This electrode, as measured by

Lippmann's method, gives a potential difference of 0*56 volt, the

mercury tending to come out of solution and be deposited as metal.

The chlorides can of course be replaced by other substances when
their potential with respect to mercury is known. Thus a soluble

sulphate, with mercurous sulphate as depolarizer, has been used.
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Assuming that we may neglect the small effects at the junction
of the metals, and at the surfaces of contact of unlike solutions,

if such surfaces are present, the measured electromotive force of

Fig. 109.

the combination metal / electrolyte / normal electrode enables the

potential difference at the surface metal / electrolyte to be cal-

culated by subtraction.

In this manner, Neumann measured the single potential

differences for many metals in contact with either normal or

saturated solutions of their salts. The following are some of the

most important results.

In this table positive signs have been assigned to those metals

which show a positive potential relatively to the liquids surrounding
them. Assuming the accuracy of these results as absolute

numbers, it follows that such metals tend to come out of solution,

and the natural potential difference at their surfaces helps to

drive a current in the direction to effect the deposition. Spon-
taneous separation of these metals, or solution of negative metals,

however, will only occur if means be available for the simultaneous
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addition of opposite ions, or the removal of an equivalent quantity
of similar ions.

For slightly oxidizable metals, such as silver, it will be seen

that the method leads to numbers which have a sign opposite to

that assigned to the values for very oxidizable substances such

as zinc.

If we regard the potential differences as due to the potential

energy of possible chemical changes, such a difference in sign

seems, at first sight, unexpected. Moreover, in correlating these

phenomena with those of the Volta contact effect between metals

in air, it is probable that there will at all events be a general

agreement between them, and it seems unlikely that metals

would show a difference of sign in their potential differences

with air, if that difference is due to actual oxidation, or to an

affinity which tends to oxidation. On the other hand, Nernst's

theory of electrolytic solution pressure offers a possible explanation
of the difference in sign as given above. Whatever be the final

outcome of the problem, we may take Neumann's numbers

and similar results as true relative values, though eventually
a constant error may have to be added to or subtracted from

them.

The deposition and solution of metals from solutions of their

salts have been shown to be reversible processes, the slightest

change of electromotive force being enough to reverse the

operation. Hence Neumann's results give both the electromotive

forces set up by the solution of such a metal as zinc, and the

decomposition voltage needed to deposit it from a solution of the

same concentration.

The potential-differences rise with the dilution of the solution,

and it seems not unlikely that some approximation to the

logarithmic formulae of concentration cells may hold also in the

present case. If so, the potential-difference would assume a very

high value for a very dilute solution.

Electrolysis has long been used to separate metals from each

other. The theory of this process will now be clear. Let us

suppose that we have a mixed solution of zinc and copper
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sulphates. The deposition point of copper is 0'515 volt, and

that of zinc 4- O524 volt. Thus, if the total electromotive force

applied be enough to give a potential difference at the cathode

greater than 0'515 volt but less than + O524 volt, copper only
will be deposited, for although its deposition point rises as the

amount of copper gets less, this change is very small, and all traces

of copper which could be detected by chemical analysis will be

removed from the solution before the deposition point rises to that

of zinc. If the electromotive force at the cathode be now increased

above +0'524 volt, the zinc likewise can be removed from

solution.

Even without this adjustment of electromotive force, if the

solution be kept well stirred to prevent the local exhaustion of one

metal at the electrodes, complete separation can nearly be effected.

For, as we have seen, as long as there is any of the metal of lower

deposition point present, none of the other is liberated. This

principle is used in a process of copper refining. A plate of pure

copper forms the cathode in a bath of copper sulphate. The

anode is a thick plate of impure copper, probably containing

metals both less and more easily deposited than copper. The bath

is stirred, and when the current flows, copper and all more

oxidizable metals are dissolved, while the less oxidizable metals,

such as gold and silver, fall to the bottom of the vessel
;
for while

copper is present in excess the current will dissolve it rather than

more resisting metals. In the neighbourhood of the cathode,

however, there will be a large excess of copper together with other

metals, such as zinc, more easily oxidizable and therefore of

higher deposition points. As long as any copper is near, therefore,

none of the other metals are deposited, and pure copper is obtained

at the cathode.

On the other hand, by increasing the current density, it is

usually possible to exhaust the one metal from the layers of

solution next the electrode faster than either stirring or diffusion

will replace it. The other metal must then also be used by the

current, and, by proper adjustment of conditions, it is possible to

deposit alloys, the percentage composition of which can be altered

by varying the current density.
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94. Another set of electrocapillary phenomena, like those

Electric considered above, probably depend on the natural

potential differences at the surface of separation of

two unlike substances in this case an electrolyte a.nd an insulator.

If an electric current be passed through a vessel divided into two

compartments by means of a porous partition and filled with some

solution, we shall find that, in general, besides the changes in

concentration at the electrodes which were described on p. 233

under the head of migration, there is a bodily transfer of the

liquid, usually in the direction of the current, through the porous

plate. To this phenomenon the name of electric endosmose is

given.

If the pressure be kept constant on both sides of the partition,

the volume of liquid which flows through, as measured by the

overflow, is proportional to the total electric transfer, and is

independent of the area and thickness of the plate ;
it varies

much with the nature of the solution, being greater with liquids

of high specific resistance, and, in solutions of different concentra-

tions of any one substance, is approximately proportional to the

specific resistance.

If the liquid be not allowed to overflow, the pressure on one

side of the porous wall will increase. The final pressure is directly

proportional to the electromotive force between the faces of the

partition, and therefore to the current through it; for a given
current it varies inversely as the area of face of the porous wall

and directly as its thickness. In this case, the flux of liquid due

to the electric forces must be equal and in the opposite direction

to that caused by the difference of hydrostatic pressure. Con-

sidering the porous wall to consist of a collection of capillary tubes,

we may apply the laws of flow through such tubes to the reverse

flux under the hydrostatic forces, and this explanation has been

supported by Quincke, who proved that the pressure produced by
electric endosmose through a capillary glass tube was inversely

proportional to the fourth power of the diameter of the tube. The

pressures were considerable with distilled water, but ceased to be

perceptible with liquids of high conductivity such as solutions of

salts and acids.
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95. Throughout our investigation of the electrical properties

of solutions we have constantly been led to infer

of e
e
iect

e

raiytic that the ions of electrolytes are to a certain extent

independent of each other. If we eliminate the

polarization at the electrodes, the flow of the current is in

accordance with Ohm's law, and therefore, any electromotive force,

however small, will produce a corresponding current. Hence there

can be no appreciable reverse electric forces to be overcome in the

interior of the electrolyte. The applied electromotive force, then,

simply moves the ions against the frictional resistance of the

liquid, it does no work in separating them from each other. We
see that the electric properties of solutions indicate a freedom of

interchange between the parts of the dissolved molecules a

freedom also suggested by the phenomena of chemical double

decomposition.
The existence of specific coefficients of mobility, as characteristic

properties of certain ions in very dilute solutions, involves the idea

of independent migration, and suggests that the freedom of the

ions from each other persists during the greater part of the time,

and is not merely a power of interchange at the moments of

molecular collision. If it were only a momentary freedom, the

convective passage of the ions in opposite directions through
the liquid, indicated by Faraday's law, would be explained by
a continual handing on of the ions from molecule to molecule.

The ions would . work their way along by taking advantage of

the intermolecular collisions, and the ionic velocities would depend
on the frequency of these collisions

;
a frequency which, as indicated

by the kinetic theory, depends on the square of the concentration.

Now, as we saw on page 236, the conductivity of a solution varies

as the product of the concentration and the relative ionic velocity;

on this view, then, the conductivity will be proportional to the

cube of the concentration. The facts described on page 231 do

not bear out this result. In dilute solutions in water at all events,

the conductivity is proportional to the concentration, and, as the

concentration rises, the conductivity increases at a slower rate. It

is difficult to see how these relations could hold except as

a consequence of an almost complete migratory freedom of the
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ions of dilute aqueous solutions, and very strong evidence is thus

obtained in favour of a theory of ionic dissociation.

Preconceived ideas would not, perhaps, lead us to expect that

substances, which, like the mineral salts and acids, show great

chemical stability when solid, should be dissociated into their

ions almost completely when dissolved in water. It must,

however, be remembered that it is precisely these bodies which

possess the greatest chemical activity, that is to say, most readily

exchange their parts with those of other substances. That a

solution of hydrochloric acid, again, does not exhibit the properties

of dissolved hydrogen and chlorine, though it has been urged
as an objection, is not a valid argument against the theory of

dissociation, for the ions are certainly in conditions differing from

those in which the atoms of the same elements exist in their usual

state. Whether or not there is combination between the ions and

the solvent, and whatever be the exact relation between the ions

and the charges they carry, we are certain that a definite

quantity of electricity has to pass between an ion and the electrode

before the substance can be liberated in a normal chemical state,

say as gaseous hydrogen or chlorine. The energy associated with

a substance when ionized must therefore be very different in quantity
and character from that associated with it when in its normal

chemical condition, and there is no reason to assume identity of

properties in the two states.

It has been suggested that, if really dissociated from each

other, the two ions of a dissolved salt would generally diffuse at

different rates, and therefore ought to be separable. If such

separation occurred to any large extent, however, electrostatic

forces between the ions would arise and increase till further

division was prevented. Nevertheless, some separation should

undoubtedly occur, and, as a matter of fact, a volume of water in

contact with the solution of an electrolyte is found to take,

relatively to the solution, a potential of the same sign as the

charge on the ion which has the greater mobility and therefore

the quicker rate of diffusion.

The rate of diffusion may be calculated by treating the osmotic

pressure as the driving pressure, and reckoning the speed attained
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from the known mobilities of the ions under electrical forces. The

values of the diffusive constants and potential-differences thus

deduced agree well with those found by experiment.

The dissociation required by the theory is a separation of the

ions from each other, securing complete migratory independence.

There is nothing to suggest that the ions are free from all chemical

combination. The hypothesis of electrolytic dissociation is entirely

independent of any particular view as to the nature of solution,

which may well be chemical in its fundamental processes. All that

is required to interpret the electrical phenomena is the freedom of

the migrating ions from each other; they may quite possibly be

combined in some way with the solvent.

In some cases, particularly in solvents other than water, it

seems necessary to assume that the solute exists in solution as

double or treble molecules, which, by dissociation, give rise to

electrified ions. We may, on the other hand, have double molecules

formed between one molecule of the salt and one or more of the

solvent, structures such as NaCl . 2H20, which then dissociate

+
into Na . H2 and Cl . H2 . Evidence is now accumulating,

however, which seems to show that the ions of electrolytic solutions

are to be imagined as composed of a central charged nucleus (the

Na or Cl in the case taken) round which are collected numbers of

solvent molecules, forming an inclosing envelope which moves with

the nucleus, and forms an essential part of the ion. The size of

this structure may depend on the temperature and the other

conditions of the solution.

Such hypotheses as to the nature of the ions do not affect the

main conception of the dissociation theory, which holds that the

parts of the electrolyte (the Na and Cl in our example) are

independently mobile in the solution. So much seems to be

demanded by the electrical evidence, and by certain osmotic

phenomena which we must now describe.

96. Certain membranes, made by depositing insoluble chemical

Osmotic precipitates within the walls of porous earthenware

cells, are found to be permeable to solvents, and

impermeable, or much less permeable, to certain substances when
dissolved therein. In a closed cell with such a semipermeable wall,
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the presence of a solution will cause solvent to enter from without,

and a pressure will be set up within, which finally reaches an equi-

librium value known as the osmotic pressure of the final solution.

Whatever view we take of the fundamental nature of a solution,

we must imagine the dissolved substance scattered as a number of

discrete particles throughout the volume of the solvent. The

nature of the interaction which occurs between the solute and

the solvent is unknown, possibly unknowable ; but, whatever it may
be, each particle of solute will affect only a minute sphere of solvent

lying round it. The solution, then, may be regarded as containing
a number of little systems, each composed of a solute particle

surrounded by an atmosphere of solvent in some way influenced by
its nucleus.

While the solution is concentrated, the little spheres will

intersect each other, and the addition of further solvent will involve

some change in the interaction between solute and solvent. But,

in the process of dilution, a time will come when the spheres are

beyond each other's reach, and the addition of more solvent merely
increases their mutual separation without affecting their internal

structure.

Thus, in a dilute solution, the energy-change of further dilution

is merely the energy-change involved in separating the particles of

the solute further from each other
;
it will not depend on the nature

of any possible interaction between the solute and the solvent. The

change of energy is thus independent of the nature of the solvent,

and will be the same whether that solvent be water, alcohol, or any
other liquid. It will even be the same when, in cases where that

is possible, the solvent is removed altogether, and the solute is

obtained in the gaseous state.

If we imagine that the bottom of a frictionless engine cylinder

is made of a semipermeable membrane, separating a solution

within the cylinder from a solvent without, it is easy to see that

osmotic pressure may be made to do work, which will be measured

by the pressure multiplied by the change of volume. Thus the

osmotic pressure is measured by the change of the available energy

per unit increase of volume
;

that is, by the rate of change with

volume in the available energy of dilution.

In this manner we arrive at the conclusion that the osmotic
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pressure must be equal in amount to the gaseous pressure exerted

by the same number of molecules when vaporised, and must

conform to the laws which describe the temperature, pressure, and

volume relations of gaseous matter. The result is seen clearly to

be independent of any hypothesis concerning the mechanism of

the pressure or the nature of the solution.

By the principles of thermodynamics, a connexion may be

traced between the osmotic pressure of a solution and the difference

between the freezing and boiling points of the solution and of its

pure solvent. Thus, the number of pressure-producing particles

in a given solution may be determined by measuring its osmotic

pressure, the depression of its freezing point, or the rise of its

boiling point compared with those of the solvent.

In certain dilute solutions, such as those of sugar in water, the

gaseous value for the osmotic pressure has been verified by
direct measurement. This is confirmed also by observations on

the freezing points, and, in this case, it is easy to extend the

experiments to solutions of electrolytes which appear to leak

through semipermeable membranes. The freezing points of very

dilute aqueous solutions of electrolytes indicate a number of

pressure-producing particles greater than that suggested by the

ordinary molecular weight of the salt, and, for the most dilute

solutions examined, greater in the approximate ratio of the number

of ions into which the salt must be imagined to be dissociated in

order to explain the electrical relations.

Thus, in dilute aqueous solutions the evidence goes to show

that certain solutes are dissociated, and that the dissociation is

the same in kind as that required to explain the electrical pheno-
mena. In other solvents dissociation into non-electrified parts seems

sometimes to occur, for cases are known where the osmotic effects

indicate dissociation, but no electrical conductivity exists. For

solutions in water, however, the same kind of dissociation is

indicated by the two lines of research. It is, perhaps, advisable

to repeat that the dissociation needed is the separation of the ions

from each other, not necessarily from the solvent
;
the dissociated

ions may well be linked with solvent molecules, or act as nuclei at

the centres of watery envelopes as already suggested.
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97. A relation has been traced between the coefficients of

chemical chemical affinity of solutions of acids and bases and

their electrical conductivity. It seems likely that, in

dilute aqueous solution, the electrical ions of the solute alone are

concerned in quick chemical interchanges, though here, again,

rapid changes seem to occur in other solvents with solutions

which show no conductivity.

If dilute solutions of acids and alkalies are to be regarded as

containing only dissociated ions, the process of neutralization of

hydrochloric acid and potash will be represented by the equation

H + Cl + K + OH = K + Cl + H2O.

The resultant water, in presence of an excess of its own substance,

is dissociated only to a very slight extent, and we see at once the

explanation of the observed fact that equivalent quantities of all

strong acids and alkalies evolve the same amount of heat when

reacting with each other : the only chemical change consists in the

formation of a molecule of water from its ions, and this holds

whatever be the acid and alkali, provided they are highly

dissociated.

If we assume that the solution of an electrolyte is so dilute that

the solute particles and their attendant watery atmospheres are

beyond each other's influence, the number of molecules dissociating

into their ions per second will be proportional to the concentration

cx of the undissociated molecules. Two ions will recombine in a

certain fractional number of the cases of collision between two

opposite ions. The number of recombinations per second will

therefore be proportional to the product of c2 the concentration of

one ion and c3 that of the other. These concentrations are equal,

and the rate of recombinations varies as c2
2

.

When equilibrium is reached, the rates of dissociation and

recombination will be equal, and we have

If a be the coefficient of ionization, and v the volume of the

solution containing one gramme molecule of solute, Cj will be

(1 a) v, and c2 will be
OL/V.

Hence

r = y-
2 = constant.

v (1
-

a) fc,
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This result, known as Oswald's dilution law. is true for weak

electrolytes such as ammonia or acetic acid, but fails for strong

electrolytes such as potassium chloride or hydrochloric acid.

Probably the extended influence of charged ions, compared with

that of neutral molecules, causes the attendant watery atmospheres
of ions to be so large that the solutions cease to be effectively

"dilute" even at very small concentrations.

98. Colloidal substances, such as hydrated alumina, travel

The electrical through liquids when their solutions are subjected

?o7iotdai
es f

to an electromotive force, the direction of motion
solutions.

depending on the nature of the solvent. This

result indicates that the colloid particles possess electric

charges. Such solutions are coagulated by the addition of an

electrolyte, and the coagulative powers of different electrolytes

depend, in a very remarkable way, on the chemical valency of

the ion with opposite charge to that on the colloid particles. The

average of the coagulative powers of salts of univalent, divalent,

-and trivalent metals are found to be proportional to the numbers
1 : 35 : 1023 respectively. An explanation of these phenomena
has been offered by the present writer.

Let us suppose that, in order to produce the aggregation of

colloidal particles which constitute coagulation, a certain minimum
electric charge has to be brought within reach of a colloidal group,
and that such conjunctions must occur with a certain minimum

frequency throughout the solution. Since the electric charge on

an ion is proportional to the valency of the ion, we shall get equal

charges by the conjunction of 2n triads. 3n diads, or 6n monads,
where n is any whole number.

The chance conjunctions of a large number of particles moving
like the ions of an electrolytic solution can be investigated by the

principles of the kinetic theory of gases. If I/a? denote the chance

of one ion colliding with a colloidal particle, the chance that two

ions should collide with it is the product of their separate chances,

or l/#
2

,
and so on. When applied to the case in hand, these

principles lead to the conclusion that the relative coagulative

powers of univalent, divalent, and trivalent ions will be proportional
to the ratios 1 : n : n*. The value of n, which depends on a
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number of unknown factors, remains arbitrary. If we assume that

n is 32, n'2 is 1024, and we get the numbers 1 : 32 : 1024 to

compare with the experimental values of the relative coagulative

powers 1 : 35 : 1023.

The fundamental principles of the theory of electrolytic dis-

sociation are able to explain and coordinate many different

groups of phenomena. To what extent the theory is applicable

to solutions in solvents other than water, or to fused or solid

electrolytes, is a problem now under investigation in many

physical and chemical laboratories.
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CHAPTER XI.

THE CONDUCTION OF ELECTKICITY THROUGH GASES.

Introduction. Electric discharge through gases at low pressure. Rontgen rays.

Cathode rays. lonization of gases. Conductivity of gases. Mobilities

of gaseous ions. lonization by collision. Gaseous ions as condensation

nuclei. Diffusion of ions. The nature of gaseous ions. Ions from

incandescent bodies. The corpuscular theory of conduction.

99. UNLIKE the liquid solutions and other electrolytes studied

in the last chapter, gases, in normal conditions, are
Introduction. * c

almost perfect insulators of electricity. Usually the

leakage of charge from a body suspended in air is due mainly to a

slight conduction along the supports. For a long time it was a subject
of controversy whether or not any part of the leakage took place

through the air. Although this question is now answered in the

affirmative, the conductivity of gases is, in general, extremely small
;

it may, however, be increased greatly by the passage of Rontgen

rays, the incidence of ultra-violet light on a metal plate, the

neighbourhood of flames, of incandescent metals, or of radio-active

substances.

Apparently the first to notice the electric spark was Otto von

Guericke (1602 1686) of Magdeburg, the inventor of the air-pump.
From his time forward the spark continued to excite the curiosity

of investigators, and, as we have seen, Franklin proved its identity

with the lightning flash.

By means of the spark, electrified bodies are discharged almost

instantaneously, showing that a path of high conductivity is opened

thereby. This fact is demonstrated in another striking manner by
the phenomena of the electric arc, first described by Davy in 1801.

w. E- 18
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If the terminals of a battery of low resistance, giving 60 to 80

volts difference of potential, be connected with rods of hard gas

carbon, an intensely luminous arc is started by touching the

carbons and then drawing them a short distance apart. Auto-

matic devices, which keep the carbons at a constant distance as

their ends are consumed, are used in various kinds of arc lamps.
The currents through arcs may rise to several amperes, and the

conductivity is of the same order as that of metallic conductors.

The phenomena of the spark and of the arc show that, in normal

conditions, gases withstand a certain electric intensity, but

that their resistance breaks down under a definite electric stress,

and remains low if the current which then passes be maintained.

This behaviour should be compared with that shown by metallic

conductors conforming to Ohm's law; in their case the smallest

electromotive force produces a corresponding current, which in-

creases in direct proportion to the applied electromotive force.

Again, in order to pass a current through an electrolytic

solution, we must apply an electromotive force greater than the

reverse force of polarization at the electrodes. But, in that case,

the electromotive force needed to maintain the current is equal
to that required to start it

;
the passage of the current does not

modify the physical state of the medium.

100. The possible length of spark, with a given difference of

potential, increases as the density of the gas is
Electric *,. . .

'

.

J

discharge diminished by means of an air-pump. The relation
through gases
at low between pressure and sparking potential was first

investigated systematically in 1834 by Harris, whose

experiments were confirmed and extended by Faraday in 1838. As

exhaustion proceeds, the sparking potential diminishes, reaches a

minimum, and then increases again very rapidly as the pressure sinks

to a small fraction of a millimetre of mercury. In a "
good vacuum,"

it is difficult to get any discharge to pass. The minimum sparking

potential occurs at a pressure which depends on the length of

spark-gap used. The critical pressure increases as the length of

gap diminishes. Their product is very nearly constant
;

it is

independent of the nature of the electrodes, and thus may be

regarded as a characteristic property of the gas.
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Since the critical pressure increases as the length of spark-gap

diminishes, for very short spark-gaps the critical pressure is fairly

high. Hence, at very low pressures, it is easier for a spark to pass

by a long path through a gas than by a short one. This curious

result shows that the passage of the spark is facilitated by the

presence of more gas between the electrodes, in fact it has been

found by Paschen and by Carr that the sparking potential depends

only on the product of the pressure and the spark length that is,

upon the mass of gas between unit area of the electrodes.

Very beautiful appearances are presented by the discharge of

an induction coil through gases at low pressure. The general type

of discharge shows the following sequence of phenomena as the tube

is exhausted. The first discharge consists of a luminous line down

the middle of the tube. This line then broadens out till it seems

to fill the tube. At pressures equivalent to that of about half

a millimetre of mercury, a series of fluctuating striations, known

as the positive column, appears in the neighbourhood of the

Fig. 110.
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Fig. 111.

anode (a, Fig. 110). A narrow dark space, called Crookes' dark

space, surrounds the cathode, and this is separated from a second

182
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dark space, called after Faraday, by what is known as the negative

glow.

By introducing platinum wires at different positions along the

discharge, the distribution of potential has been investigated.

Figure 111 shows a curve giving the relation between the distance

from the anode and the potential-gradient in volts per centimetre.

The difference of potential between the cathode and the negative

glow is independent of the pressure of the gas or the distance be-

tween the electrodes. This potential-difference has been shown by
R. J. Strutt to be equal to the minimum sparking potential.

If the length of the tube be increased, it is the positive column

alone which increases with it; the two dark spaces, and the

negative glow, vary very little with the length of the tube.

The effect of very high vacua on the electric discharge was first

investigated systematically by Sir William Crookes. As the air is

removed, it is found that the dark space nearest the cathode

gradually extends, until eventually it fills the whole tube. At

this stage, green phosphorescent effects begin to appear on the

anode and on the glass opposite the cathode. If a solid object,

such as a screen of mica, be interposed between the glass and the

cathode, a sharp shadow is seen, showing from its position that rays

capable of producing phosphorescence proceed in straight lines

from the cathode. These cathode rays possess energy, for a light

windmill placed in their path will rotate; moreover, they are

deflected by a magnet, in the same direction as would be

negatively electrified particles, travelling in the course of the rays.

For this reason, Crookes and other English observers from the first

contended that the cathode rays were to be regarded as a flight of

negatively electrified material particles ; while, on the contrary, it

was believed for some time in Germany, where many experiments

were also made, that the cathode rays, like those of ordinary light,

were of the nature of sethereal waves.

101. In the year 1895, Professor Rontgen ofMunich noticed that

Ront enra s photographic plates became fogged, as though they

had been exposed to light, if they were kept under

cover in the neighbourhood of a highly exhausted tube through

which electric discharges from an induction coil were passing. He
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investigated this effect, and found that, when cathode rays impinged
either on the glass of the tube, or on the anode, or on any metallic

plate within the tube, a type of radiation was produced which would

penetrate many substances opaque to ordinary light. Dense bodies,

like metal or bone, absorbed the rays more fully than did lighter

materials, such as leather or flesh
;
and Rontgen, at once putting

this discovery to some purpose, was able to photograph the coins

in his purse and the bones in his hand. Moreover, Rontgen rays

produce phosphorescence on screens of barium platino-cyanide and

other similar salts, and, by using these screens in place of a

photographic plate, objects, usually hidden from our eyes, may be

made visible.

The form of apparatus usually employed for the production of

Rontgen rays is shown in Fig. 112. The cathode is made of a

Fig. 112.

concave aluminium cup which focusses the cathode rays on to a

second aluminium plate or anti-cathode, fixed near the middle of

the exhausted bulb.

For several years after their discovery, the physical nature of the

Rontgen rays was widely discussed, and for a long time no general
consensus of opinion was reached. Their photographic effects and

the fluorescence they produced on suitable screens suggested that,

like ordinary light, they were to be regarded as waves in the

luminiferous aether. The power they possess of penetrating some

opaque substances does not forbid such an assumption, for a

difference in the wave-length, that is, in the period of vibration,

is sufficient to produce marked differences in the penetration of

ordinary light. Glass, transparent to the visible rays, is opaque
to those invisible rays of longer wave-length which possess great

heating power hence its use in fire-screens
;
while a solution of
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iodine in bisulphide of carbon is opaque to luminous radiation, but

allows the long waves to pass.

Rontgen rays are refracted like ordinary light, and very little

trace of regular reflection has been detected. Moreover, it is only

just recently, with great difficulty, that they have been made to

show signs of such a typical property as polarization. Two plates

of tourmaline seem to be as transparent to the rays when the axes

of the crystals are crossed as when the axes are parallel. Such

indications as these seem to be inconsistent with the identity in

nature between Rontgen rays and ordinary light.

On the other hand, the rays suffer no deviation when acted on

by a magnetic or by an electric field of force, a result which

indicates that they are not projected particles carrying electric

charges.

In the year 1896 Sir George Stokes suggested that an explana-
tion should be sought in the hypothesis that Rontgen rays were

single pulses travelling through the sether. Ordinary light is to

be represented as a series of regular waves, succeeding each other

at periodic intervals, many thousand waves, almost exactly similar

to each other, following in order in a minute fraction of a second.

According to this view, Rontgen rays must be regarded as single

disturbances, propagated with the same velocity as light, but not

followed by a train of waves. The thickness of the pulse, in which

the whole disturbance is concentrated, is considerably smaller than

the wave-length of any visible light.

On Maxwell's theory, now universally accepted, light is ex-

plained as a series ofelectro-magnetic waves ;
and we must therefore

imagine the Rontgen pulses to be electro-magnetic also. But, as

we have said, Rontgen rays are produced when a cathode ray strikes

a solid object ; and, if we take the cathode rays to be streams of

electrified particles, it may be shown that electro-magnetic pulses

will be started by their impact.

The investigation has already been given in 72 on page 205,

when we were considering the origin and mode of propagation
of light by the aid of Faraday's conception of tubes of force as

developed by J. J. Thomson. It was there shown, that, by
the sudden stoppage of a moving electrified particle, a single

expanding spherical shell of electromotive force would start
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and spread out from the particle as centre with the speed
of light. Within the shell electric and magnetic forces exist,

at right angles to each other, and at right angles to the

direction of propagation of the disturbance. Stokes proved that

such pulses would possess many of the properties shown by

Rontgen rays.

Compared with the wave-length of ordinary light, the

thickness of one of these pulses is very small, and will depend
on the character of the arrest suffered by the electrified particle.

The more sudden is the stoppage, the thinner and more intense

will be the pulse shown in Fig. 97 on page 205, and the more

pronounced will be the characteristic properties of the Rontgen

rays. It is well known that the character of the rays depends
on the degree of exhaustion of the bulb in which they are

produced. The higher the exhaustion, the more penetrating
become the rays. The very

" hard
"

rays obtained with high
exhaustions are absorbed by different kinds of matter in almost

exact proportion to the density of the matter. This relation does

not hold for the "
softer

"
rays given by bulbs containing air at

higher pressures.

102. The successful explanation of the production and pro-

perties of Rontgen rays is strong" evidence in favour
Cathode rays.

' *

of the view that the cathode rays, from which they
arise, are flights of electrified particles. Other evidence pointing
to the same conclusion is also available, and this conception
of the nature of cathode rays is now accepted universally.

A direct demonstration of the negative charge associated

with cathode rays was given by Perrin. He showed that,

when the rays within the discharge bulb were deflected by
a magnet so that they fell, through a small hole in a metallic

screen connected with earth, on to an insulated metallic cylinder
connected with an electrometer, a strong negative electrification

was imparted to the system. When the rays fell on other

parts of the bulb, this electrification was not observed.

A less direct but more interesting method of inquiry has

been used by J. J. Thomson. The cathode rays are subjected

successively to an electric and to a magnetic field of force.
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From the observed deflections, it is possible to calculate the

velocity of the hypothetical electrified particles, to determine

the sign of the electrification, and to measure e/m the ratio

of the charge e carried by each particle to the mass m of the

carrying particle.

Let us imagine such an electrified particle moving in a

straight path with uniform velocity. Let us apply a uniform

electric field of intensity f at right angles to the direction

of motion. The effect is clearly the same as the effect of

gravity on a body projected horizontally. The mechanical force

on the particle is fe, and the acceleration a at right angles
to the original motion is given by fe/m ;

the particle describes

a parabola. The displacement in the direction of the electric

force is

se
= \ a P

m

During the time t, the particle moves with its original velocity

v in the direction normal to the electric force, and traverses

a path I, which is equal to vt. Hence t
2
is l*/v

z
,
and the displace-

ment is

Thus the equation involves the velocity of the particle and

the ratio e/m of the charge to the mass.

Now, instead of an electric field, let us apply to the moving

particle a magnetic force H at right angles to the direction

of motion. The particle with its charge e moving with a

velocity v is equivalent to a current c passing along a path
of length Sly and we have

ev = c&l.

The mechanical force on a current when placed in a magnetic
field of induction B is Bcl sin 6 (p. 105) ; and, if the medium

be non-magnetic, so that the magnetic force is identical with

the induction, and if the magnetic force be at right angles

to the direction of motion, so that sin 6 is unity, the mechanical

force on the particle is Hev. This force, according to Fig. 56
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on page 105, is at right angles both to the magnetic force

and to the direction of motion. Unlike the mechanical force

due to the electric field, however, the force due to the mag-
netic field does not act constantly at right angles to the

original direction of motion. It acts at right angles to the

direction of motion at each instant. This characteristic is a

property of circular motion, like the motion of a planet

round the sun, or that of a stone whirled by a string. The

centrifugal force is, in such cases, measured by mtf/r, where

r is the radius of the orbit. Hence

. mv2

mv
r
=~eH-

In practice, only a small part of the circle is described, so

that the path of the particle is fairly straight. Hence, by
the well-known property of the circle, the deflection is

2v m'

In this manner we obtain a new relation between the two

quantities v and e/m. Thus, by observing the magnetic and

the electric deflections in a given length of path of the

cathode rays, both v and e/m may be determined in absolute

units.

In applying these results experimentally, Prof. Thomson used

Fig. 113.

the apparatus shown in Fig. 113. Two electrodes are fixed

in a highly exhausted glass tube by means of platinum wires
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fixed through the glass. G is the cathode, and A the anode.

Through the anode, and through a disc B of similar form connected

with the earth, are bored holes, about a millimetre in diameter.

Thus beyond the disc B we have a narrow pencil of cathode

rays, removed from the action of the potential gradient of

the discharge, and therefore moving with uniform velocity.

The rays fall on the screen at the other end of the tube,

and give rise to a bright phosphorescent spot at p. In the

middle of the tube are fixed the two parallel plates D and E,

which may be connected with the opposite terminals of a

battery of voltaic cells in order to establish an electric field

between them. When the rays pass out from between the plates,

they leave the electric field and proceed in straight lines.

From the deflection pp' at the end of the tube, the deflection

se in the field of force might be obtained. The method

adopted, however, was to apply simultaneously the electric

field and a uniform magnetic field, due to an external electro-

magnet, which produced a mechanical force on the rays in

the opposite direction to that due to the electric field. The

magnetic field was adjusted till no deflection occurred. Then

the mechanical forces must be equal and

fe Hev

or *^?^&& H^:
From the displacement sm in a uniform magnetic field, the

value of e/m was then obtained by means of a relation equivalent

to the equation given above,

Sm =~Wm
e

or =

m rn.

The results of these experiments show that the velocity of

cathode rays is not a constant. It varies even in the same

discharge. This is shown by the fact that the magnetic field causes

the pencil of rays to spread out, so that the patch of light is larger

when deflected than when undeflected. The velocity varies still



XI] THE CONDUCTION OF ELECTRICITY THROUGH GASES 283

more when the pressure or the nature of the residual gas is changed,
and values ranging from about 2 x 10 to 4 x 109 centimetres per
second have been obtained. On the other hand, the quantity e/m

appears to be constant. Whatever be the pressure or nature of

the gas, and whatever metal be used as electrode, the value of e/m
is about 7'7 x 106

,
and that of m/e about 1'3 x 10~7

.

Now, in liquid electrolytes, the passage of one electromagnetic

unit of electricity evolves about 10~4
grammes of hydrogen (p. 224).

Hence the value of m/e is about 10~4 and that of e/m about 104
.

It follows that for the particles of cathode rays the value of e/m
is about 800 times as great, and the value of m/e about 800 times

as small, as the corresponding quantities for the hydrogen ion in

the electrolysis of liquids. We shall see later how to determine

the charge on gaseous particles similar to those of the cathode

rays. It will be found that the charge is identical with that on

a monovalent ion in a liquid electrolyte. The result stated above

then shows that the mass of a cathode ray particle is about the

800th part of the mass of a simple hydrogen ion, that is of a

hydrogen atom.

lonization
of gases.

103. As already stated, in normal conditions, air and other

gases are very good insulators; and an electrified

body suspended in air will lose its charge only with

extreme slowness if precautions be taken to prevent conduction

along the supports. The gold-leaf electro-

scope shown in Figure 114, which is here

reinserted from p. 19 for convenience,

contains an ingenious device, due to Mr
C. T. R. Wilson, for preventing such

leakage. The brass plate D, to which

the gold-leaf C is attached, is held in

position by the bead of sulphur A, which

is a very good insulator. The sulphur-
bead is fused to a brass rod, which passes

through the ebonite plug at the top of

the instrument and serves to suspend the

sulphur-bead and the gold-leaf system.
The gold-leaf is charged by means of the moveable wire EB,
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which may be brought into contact with the plate D and then

again removed. Any leakage from the gold-leaf along the sup-

ports must take place over the sulphur-bead A to the brass rod

which suspends the bead. Now, this rod may be connected

permanently with the pole of the battery used to charge the

wire EB and the gold-leaf. Hence, when first charged, the

gold-leaf is at the same potential as its supports, and there is

no tendency for leakage to occur. As the gold-leaf loses its

charge through the air, its potential sinks below that of the

supporting rod, and any leakage must tend to restore the charge
of the leaf instead of to abstract it. While the gold-leaf is near

its original potential, the difference of potential between it and

its supports will be very small, and the usual slight leakage is

much reduced as well as reversed in direction.

Even with the precaution just described, the gold-leaf system
is found to lose its charge, though many hours may pass before

the charge is half dissipated. It follows that air in its normal

condition must possess some conductivity. The effect is so small,

however, that it is probable that its phenomena would never have

been coordinated or explained had we not possessed means of

increasing it at will. It has long been known that a charged

body is diselectrified by contact with the hot gases of a flame,

and, soon after Rontgen's discovery of X rays, it was noticed that

an electroscope was discharged rapidly when the rays passed

through the air surrounding it. A similar result is obtained

by the incidence of ultra-violet light on a metallic surface, or

by the neighbourhood of radioactive substances. By any of

these methods, the electrical conductivity of gases may be in-

creased very greatly.

The nature of the -

conductivity thus imparted is indicated

by the fact that a gas, which has been under the influence of

one of the agencies mentioned above, does not lose its newly

acquired properties immediately. It may be blown about from

place to place, and still will discharge an electroscope. These effects

may be investigated by an arrangement similar to that shown in

Figure 115. The Rontgen rays are produced in a bulb placed
within a box covered with thick lead except at the window B,

through which alone the rays find an exit. Thus the electroscope
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A is screened from the direct action of the rays. Through the

walls of the electroscope two tubes pass, and, by attaching a

water-pump to one of them, a slow current of air, drawn from

the region traversed by the X rays, may be sucked through the

electroscope.

Fig. 115.

In these circumstances, the electroscope is found to lose its

charge, while, if the current of air be stopped, or if the rays be

cut off, the charge is retained. If a plug of glass-wool be placed
in the tube C, the electroscope is not discharged by the current of

air drawn from the region subject to the action of the rays. The

conductivity of the air is also removed by bubbling the air through
water, or by passing it through a metallic tube of fine bore. The
same effect is produced by sending the air through an electric

field, which may be produced by means of a metallic tube of large

bore, along the axis of which is stretched an insulated wire. The
tube and wire are connected with the opposite terminals of a

battery of some hundreds of small accumulator cells, the tube

being also joined to the earth. After passing through such a

tube, the conductivity of the air disappears.

These phenomena suggest that the conductivity of air is to be

explained by the supposition of the presence of charged particles,

somewhat of the same nature as the ions of liquid electrolytes.

In liquids, the ions are permanent, but in gases some ionizing

agency is necessary for their production. Moreover, when formed,

the ions of gases are removed by contact with solids (glass-wool or

the walls of a fine tube), by contact with liquids, or by the action

of an electric field. Even without such processes, the ions gradually

disappear spontaneously. Regarding the ions as oppositely elec-
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trified parts of molecules, it is natural to refer this disappearance

to recombination under the attractive forces of the opposite charges.

This hypothesis may be developed mathematically, and its conse-

quences subjected to experimental examination.

Let q denote the total number of ions, positive and negative,

produced per second in one cubic centimetre of the gas by the

action of the ionizing agency. If each uncharged molecule gives

rise to one positive and one negative ion, the number n of positive

ions which exist at any moment in unit volume is the same as the

number of negative ions.

Now, on the principles of the dynamical theory of gases, the

number of collisions per second between opposite ions is propor-

tional to the product of their concentrations, that is, to nz
. If a

certain fraction ft of the collisions result in the formation of a

neutral system, the number of ions which disappear per second

in a cubic centimetre is /3n
2

. But q is the constant rate of

ionization, and the resultant total rate at which ions are formed

is given by

In a steady state, when the ionization is constant, dn/dt

vanishes, and we have

q = !3n\

If the ionizing agency be removed, q becomes zero, and the

rate of decay of the ionization is represented by the equation

which, when integrated, gives

where n is the initial number of ions, and n the number after a

time t.

The rate of recombination of gaseous ions may be investigated

by an apparatus used by Prof. Rutherford and shown in Fig. 116.

A slow current of dry gas is drawn through a plug of cotton-wool

to remove particles of dust, and then through a long metallic tube.
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At T, the gas is subjected to the action of an ionizing agency such

as X rays, or the radiations from a radioactive substance such as

oxide of uranium. At different points along the tube, insulated

Uranium}

r
^B

L

Earth

Fig. 116.

electrodes, A, B, etc., are inserted, and, by connecting one of these

with one terminal of a battery of accumulators, and the earthed

tube with the other terminal, the conductivity of the gas at the

point may be measured. A gauze screen at D shields the region
near T from the electric field, and serves to prevent the direct

abstraction of ions by the electric force at A or B. If the tube be

of wide bore, the loss of ions caused by diffusion to the walls is

small, and the decrease in conductivity of the gas is due to recom-

bination alone. Knowing the velocity of the current of gas along
the tube, the effect of time on the ionization may be investigated.

The results of such experiments agree well with the equations

given above, and are thus consistent with the theory on which

those equations are based. The quantity ft is found to be con-

stant, and to have a value of about 30000, where e is the charge
on a gaseous ion. This quantity e has been shown, by methods to

be described hereafter, to be about 3'4 x 10~10 electrostatic units.

Thus /3 is about 10~6
, and if 106 ions be present per cubic centi-

metre, half of them recombine in about one second.

104. In metallic conductors the current is proportional to

Conductivity
^e electromotive force applied, in accordance with

Ohm's law. In liquid electrolytes the same relation

holds good, provided the effects of the polarization of the

electrodes be eliminated. In order to examine the relation

between the current and the difference of potential in gases,

the apparatus indicated in Fig. 117 may be employed. The air

between two parallel metallic plates AB is exposed to Rdntgen

rays, or to the radiation from some radioactive material. One

plate, B, is connected with one pair of quadrants of a quadrant
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electrometer (p. 45) the other pair of quadrants being connected

with earth. The second plate A is joined to one pole of a battery
of cells, of which the other pole is put to earth. At first, the

opposite pairs of quadrants are connected together. When they

Earth

UNI Cartft

Fig. 117.

are disconnected, the conductivity of the gas enables the battery
to charge up one pair of quadrants, and thus the rate of movement
of the needle of the electrometer measures the current through the

gas. By changing the number of cells in the battery, the relation

between the potential-difference and the current may be investi-

gated.

For a small potential-difference, it will be found that a propor-

tional current flows the conduction conforms to Ohm's law, and,

near the origin, the curve between (7 and E is a straight line. As
the potential-difference is increased, however, the current rises

more slowly, till a limit is reached, and the curve becomes almost

horizontal. On the analogy with the shape of the curves of

magnetization (p. 83) the current then passing through the gas is

known as the saturation current. It remains constant till the

potential-difference is increased nearly to the value at which a

spark passes, when a rapid increase of current again occurs.

Figures 118 and 119* show the relation between potential

difference and current, when the ionization is produced by radio-

active substances. The saturation current is reached with a much

* Rutherford's Radioactivity.
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lower voltage in the case of the small ionization produced by
uranium than with the large ionization due to radium.

While the current is at the saturation value, it is independent
of the intensity of the applied electromotive force. This fact

facilitates the determination of the relative ionization of a gas

under different conditions. It is only necessary to know that the

potential-difference lies within the wide limits corresponding with

the saturation current, in order to measure the ionization by the

current passing. The current may be measured by the rate of

deflection of the needle of a quadrant electrometer, or by the rate

at which the gold-leaf of an electroscope falls, as the charge thereof

is lost by conduction through the gas.

If we assume that the ionizing agent acts uniformly everywhere
between the plates, a condition approximately realized with some

difficulty, a simple theory of this subject may be given.

Let q ions per second be produced per cubic centimetre

between parallel plates at a distance of I centimetres from each

other. When no electric field is established, the actual number n

of ions present per cubic centimetre depends on a balance between

the rates of production and recombination, and (p. 286)

q = /3n\

If we apply a potential-difference E, small enough not appreciably

to affect the total number of ions present, the conduction is

similar to the convection of ions in liquids contemplated by
Kohlrausch's theory (p. 235). The current c per square centi-

metre of the plate is given by the product of the number of

ions per second crossing unit area normal to the motion, the

charge e on each ion, and the potential-gradient E/l. Hence

where u and v denote the mobilities of the ions, i.e. their

velocities under unit potential-gradient.

For higher potential-differences, we must take into account

the removal of ions from the field by the action of the current.

The number of ions produced per second in a prism of unit

cross area and length I is ql The maximum current G will be

obtained when all these ions are driven to the electrodes by the
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electric forces before appreciable recombination has taken place.

Thus
C = qle,

and the ratio of any very small current to the maximum
current is given by

c _
C~ ~~^~

But q is fin* ; hence, eliminating n,

On the right-hand side of this equation, every term except
E is constant. Hence, as experiment shows, a small current

should be proportional to the applied potential-difference.

The saturation current,

0=qle,

increases with the rate of ionization, and with the distance

between the plates. Thus, with a constant high potential-

difference, the current through a gas is increased by separating
the plates, a paradoxical result, which is explained when we
remember that, with a saturation-current, all the ions are used

up as soon as formed; an increase of space between the plates

then gives more room for the action of the ionizing agency, and

increases the number of ions available.

105. The sum of the opposite velocities of the complementary

Mobilities of i ns may be determined by a method based on the
gaseous ions.

equations j ugt given
If u and v denote the ionic mobilities of the positive and

negative ions respectively, that is, the velocities with which they
move under unit potential-gradient, the current-density c, when it

is small, is given by the equation
E

c ne (u + v) -r
,

where n is the number of ions per unit volume, each ion carrying

a charge e, and JE/l is the potential-gradient. The current per
unit area of two plates (Fig. 117) may be determined by observing

192
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the rate of deflection of the needle of an electrometer of known

capacity. The quantity ne may be found by a second experiment.
The ionizing agent, let us suppose it to be Rontgen rays, is

allowed to act till the gas has reached a steady state. Then,

at the same instant, the rays are switched off, and a very high

potential-difference is applied between the plates. All the ions

which, at the instant, exist between the plates are swept to the

electrodes before appreciable recombination can take place. The

negative ions alone go to the plate B connected with the electro-

meter, which thus receives a total charge equal to nel, where I is

the distance between the plates. This charge Q may be measured

in absolute units by the electrometer, and, combining the results

of the two experiments, we have

c _ (u + v) E
Q~ P

whence u + v may be calculated.

By this method Rutherford measured the sum of the ionic

mobilities of different gases at atmospheric pressure. The gases

were not specially dried.

Gas

Hydrogen

Oxygen

Nitrogen
Air

The mobilities of the individual ions cannot be calculated by
this method alone. The ratio of the velocities, which was deter-

mined for liquid electrolytes by Hittorfs migration experiments,

must also be obtained.

A method of so doing, due to Zeleny, consists in finding the

electric force required to push an ion against a stream of gas,

moving with a known velocity in the opposite direction. The

velocity of the negative ion is, in general, higher than that of

the positive, the ratios being

Gas v/u

Air 1-24

Nitrogen T23

Gas vju

Hydrogen 1*14

Carbon dioxide 1*00
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By combining these results with those given by Rutherford,

the individual mobilities may be calculated.

The individual mobilities have also been determined by direct

observation in various ways. Zeleny again used a blast-method.

He passed a stream of gas along a tube, and measured the distance

that stream carried an ion forward while it was passing from the

circumference of the tube to the axis under the influence of a radial

electric force.

It will be seen that, in most cases, these results agree with the

sum of the opposite ionic mobilities given above. Other methods,

also, give values in accordance with these figures.

It is found that, till the pressure sinks to a small fraction of

an atmosphere, the velocity of an ion varies inversely as the

pressure of the gas through which it moves. The resistance to

the motion of the ion is thus proportional to the density of the

gas, or to the number of collisions between the ion and the

molecules of the gas. It is interesting to note that the ordinary

viscosity of a gas is independent of the pressure. Thus the motion

of a gaseous ion is not analogous to that of a large body moving

through a viscous fluid, but to that of one molecule of a gas

working its way through the others.

As the pressure sinks to that corresponding to about 10 milli-

metres of mercury or less, a rapid increase occurs in the mobility
of the negative ion. No similar large change is observed for the

positive ion. At these low pressures, some of the negative ions

seem to resemble the minute structures detected in cathode rays.

At higher pressures it is natural to picture the negative ion as
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composed of one of these corpuscles, with one or more neutral

molecules attached.

106. The cathode rays, as we have seen, consist of a flight of

lonization negatively charged particles. When passing through
by collision. a ^^ these flying particles produce ionization, as

may be demonstrated by means of the apparatus of Figure 113

on page 281. If some residual air be left in the tube, and a

difference of potential be applied between the plates C and D, no

current will pass between the plates till the cathode rays are

turned on, when a considerable current may be observed. Similar

particles are emitted by some radioactive bodies, and these particles

also produce ionization when passing through a gas.

Such phenomena suggest that the flying particles ionize some

of the molecules of the gas by virtue of the collisions which must

occur, and this idea has been adopted and developed by many
physicists.

When a potential-difference is established between two elec-

trodes separated by a layer of gas, the few ions, which always
seem to be present, are put in motion. The lower the pressure
of the gas, the longer is the free path of an ion before it collides

with a molecule of the gas, and thus the greater is the velocity

acquired by the ion, and the greater is the shock of a collision

when it does come. If the pressure be so low that some of the

negative ions are free corpuscles, very high velocities will be

reached between the collisions. In such cases, it is clear that

the original negative ions will produce new ions by collision,

just as do the cathode rays. These secondary ions may them-

selves produce tertiary ions, and so on. The result will be

that a continually increasing supply of ions is forthcoming, and

eventually a continuous electric discharge passes through the

exhausted gas.

In this stage, the current is, of course, much greater than the

usual saturation current of Figures 118 and 119 on page 289.

These further phenomena have been studied from this point of view

by Townsend, who explains all spark-discharges by similar con-

siderations. Figure 120 shows a complete curve between the

voltage as abscissa and the current as ordinate. Here the saturation
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current extends from 700 to 1100 volts, and a rapid increase is

seen beyond that point.

60
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Fig. 120.

At atmospheric pressures, the potential-gradient required to

produce ions by collision and start the spark is very great some

30,000 volts per centimetre. The first spark facilitates the passage
of others, probably by leaving some ions in its path, and by the

increase in ionic mobility due to rise of temperature. Hence we
reach an explanation of the phenomena of the electric arc, which is

started by contact between the carbons, and persists as they are

separated from each other.

In vacuum tubes (Figs. 110 and 111, p. 275), the high

potential-gradient near the cathode causes the negative ions to

start with very high velocities. J. J. Thomson and others have

framed theories on the lines indicated to explain the complicated

phenomena observed in such tubes.

107. We have stated that the electric charge on an ion of a

gas is equal to that on a monovalent ion in a liquidGaseous ions A

as condensa-
electrolyte. We must now describe the experimentstion nuclei. x

by means of which this result has been established.

The first series of experiments deal with the condensation of

water-vapour on gaseous ions as nuclei. Long ago it was shown

by Aitken that particles of dust facilitated the condensation of

clouds, so that air would remain supersaturated when suddenly

expanded adiabatically, if no dust were present. These results

were extended by C. T. R. Wilson, who showed that, when the dust

was removed by a few preliminary expansions, an expansion in
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volume from 1 to 1*38 was needed to produce a dense cloud. If

the gas were ionized by X rays, or by the radiation from radio-

active substances, the cloud formed at an expansion of 1'25, while, by

separating the ions by an electric field, it was shown that, although

negative ions alone gave a cloud at an expansion of 1*28, positive

ions needed an expansion of 1*31.

This greater efficiency of the negative ions as condensation

nuclei may have a meteorological significance. Negative ions may
be removed from the air by rain, leaving the air positively

electrified.

The upper surfaces of Wilson's clouds are usually sharply

defined, and thus the rate at which the cloud settles down, that is,

the velocity of fall of its drops through still air, may be determined.

Many years ago, Sir George Stokes investigated mathematically the

friction on a sphere moving slowly through a viscous fluid, and

showed that its value was GTTT^V, were r is the radius of the sphere,

v its velocity, and /i the coefficient of viscosity of the fluid. The

downward force due to the weight of the sphere is |7rr
3
(/o o-)g,

where p is the density of the sphere and a that of the fluid. In

this case cr is small compared with p and may be neglected.

Now, as the drop falls, its velocity increases at first, and the

fractional force increases with it. The weight keeps constant, and

eventually the two forces will be equal and opposite. The sphere

will then fall with a constant or limiting velocity Vi. We now have

r.* M
Thus the radius of the rain-drops may be estimated by observing

the rate of fall of the cloud.

By calculation from the known expansion used, and the total

volume of the vessel, we may find the total mass and volume of the

water condensed in the cloud. Dividing the total volume by the

volume of each drop, we obtain the number of drops formed. If

the ions be not too numerous, each ion acts as a nucleus of

condensation, and the number of ions is equal to the number of

drops produced.

Using Wilson's method of condensation, J. J. Thomson deter-
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mined the number of ions per cubic centimetre of a gas. Their

velocity under unit potential-gradient is known by the investiga-

tions described in 105. Hence, by measuring the current c through
the gas when acted on by a known potential-gradient E/l, it was

possible to calculate e the ionic charge from the equation (p. 290)

E
c = ne(u + v)^r .

The latest and best value of e, given by experiments made in

1901-2, is

e = 3 '4 x 10~10 electrostatic units of electricity.

In Chapter X, page 227, we calculated the charge on one hy-

drogen ion in liquid electrolytes, and found that the probable mean

value was about 2'1 x 10~10
. Within the limits of experimental

error the charge on a gaseous ion is equal to the charge on a

monovalent ion in a liquid electrolyte.

108. If an ionized gas be passed through a fine metallic tube,

Diffusion of it emerges in a non-conducting state. The ions diffuse

to the sides of the tube, and either adhere to the

walls, or give up their charges. By passing a stream of ionized

gas through such tubes, measuring the saturation current through
the gas, before and after the 'passage, and correcting for recom-

bination on the way, Townsend determined the coefficients of

diffusion of ions into different gases.

The number of ions which pass across any unit area at right

angles to the axis of x is proportional to the difference in

concentration n at two points on opposite sides of the area, and

may be written as Ddnjdx, where D is defined as the coefficient of

diffusion. We may regard the ions as moving parallel to the axis

of x with an average velocity
-
Ddnfdx. The ions, being in the

TL

gaseous state, will exert a partial pressure p, which, at constant

temperature, is proportional to the number of ions. The average

velocity may therefore be written as -
Ddp/dx. But dpjdx is

the force along x acting on unit volume of the gas ;
thus the velocity

with which the ions move under unit force is Djp. If the ions be
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exposed to an electric field of intensity/, the mechanical force on

the ions in unit volume is fne, where e is the ionic charge. Hence,
if u be the velocity of an ion in a field of unit intensity,

D
u = ne .

P
Now n/p is the same for all gases at the same temperature, and

the ions are gaseous. Thus, if N be the number of molecules in a

cubic centimetre of air at the normal pressure P,

From the known values of the ionic mobilities, we know u in

this equation, and Townsend's experiments give us D. The value

of P, the atmospheric pressure, is about 106

dynes per square

centimetre, and thus Ne may be found. Its value proves to be

identical for all gases examined, air, oxygen, hydrogen, and carbon-

dioxide, and the mean result is

2fe144x'10.

Now, in liquid electrolytes, one electromagnetic unit of elec-

tricity, or 3 x 1010 electrostatic units, liberates 1*23 cubic centimetres

of hydrogen at 15 C. and a pressure of 760 mm. of mercury. In

solution, these l'23N molecules exist as 2'46JV ions, and, if e' be

the charge in electrostatic units on the ion of hydrogen in liquids,

Thus Jfo' = r22xl010
.

Therefore as before we may conclude that the charge on

a gaseous ion is identical with the charge on a monovalent ion

in liquid electrolytes. Unlike the ions of liquids, which possess

charges proportional to the valency, the charges on gaseous ions

are independent of the nature of the gas.

109. In every case examined by these methods the charge on a

gaseous ion seems to be the same as the charge on a
The nature ..,..,. - T
of gaseous monovalent ion in liquid electrolytes. Now, as we saw

above, the negative ions in highly exhausted tubes

the cathode rays consist of negatively electrified particles, moving
with velocities about one-tenth that of light, and possessing a
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mass / charge ratio equal to about the eight-hundredth part of that

of the hydrogen ion in liquids. If we assume that, here also, as in

all other cases, the charge is equal to that of the liquid hydrogen

ion, it follows that the mass of the cathode ray particle is about

the eight hundredth part of that of the hydrogen atom.

It is most important that such a striking result should be

confirmed in cases where both e and m/e can be measured for the

same particles. Such a case has been found by Thomson in the

ions due to the incidence of ultra-violet light on a metal placed in

a highly exhausted vessel.

A zinc plate is illuminated with ultra-violet light, and placed

opposite and parallel to a second metallic plate connected with

an electrometer, the gas surrounding the apparatus being ex-

hausted to a very low pressure. An electric force is established

between the two plates, and the negative ions, produced at the

zinc plate, are by this force urged towards the second plate. If

no other agency were at work, all the negative ions would reach

the second plate, and transfer their charges to the electrometer.

Now let us imagine that a magnetic force is applied at right

angles to the electric force and parallel to the planes of the

plates. The magnetic force will deflect the negative particles

from their original straight course, and their path becomes a

cycloid. They travel out from the zinc plate, curve round, and

approach it again. If the second plate is placed near enough to

the first to intercept this curved orbit, all the ions will still reach the

plate connected with the electrometer, and the rate at which that

instrument gains negative electricity will not be affected by the

presence of the magnetic field. If, however, the electrometer plate
be moved away from the zinc plate till it lies beyond the path of

the ions, it will receive none of them, and the establishment of the

magnetic force should stop completely the supply of negative

electricity to the electrometer. If X be the electric force and H
the magnetic force, theory shows that no ions should cross the space
between the plates if the distance between them exceeds 2Xm/eH2

,

while below that distance the addition of the magnetic force H
should produce no effect on the rate of gain of negative charge

by the electrometer.

The experiments which Thomson carried out by this method
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showed that no such sudden change could be produced. As the

distance was diminished, or the magnetic field increased, at first

the effect of putting on or taking off the magnetic force was small.

Then a stage was reached at which a considerable effect was pro-

duced; while finally, in a third stage, the magnetic force cut off

almost all the ions from the electrometer plate. This somewhat

gradual change is explained if we suppose that the negative ions

are not all formed at the surface of the zinc plate, but that, as the

primary ions there produced move forward under the action of the

electric force, they produce new ions by their collisions with the

molecules of the gas. The ions are thus formed, not exclusively

at the surface of the plate, but throughout a thin layer of gas near

the plate.

These considerations indicate that, in the experiments we are

now describing, the limit of the second stage, in which some but

not all of the negative ions are stopped by the magnetic field,

gives the distance at which those ions coming from the surface of

the zinc plate just fail to get across the space between the plates.

The expression given above then leads directly to a value for e/m,

the ratio of the ionic charge to the ionic mass. Thomson found

as the result 7'3 x 106
,
a number which agrees extremely well with

that deduced for cathode rays, namely, 7'7 x 106
.

With the negative ions produced by the incidence of ultra-

violet light on a zinc plate, it is easy to repeat C. T. R. Wilson's

experiments on the formation of clouds round ions as nuclei, and

thus to determine the value of e, the electric charge associated

with the same ions for which e/m has been obtained. The

result shows that, as always, the charge is the same as the

charge on a monovalent ion in liquid electrolytes; and therefore

for the ions due to ultra-violet light, as for the cathode ray

particles, the mass must be about the seven- or eight-hundredth

part of the mass of the hydrogen atom. The result has been

confirmed by Lenard, who used a somewhat different type of

apparatus.

In all these experiments, then, we are compelled to admit the

existence of particles smaller than the smallest of the known

chemical atoms. These particles, to which Thomson has given

Newton's old name of corpuscles, are associated with a quantity
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of negative electricity, which plays the part of a true natural

unit. Positive ions, while carrying an equal charge of the opposite

kind of electricity, have never been found with these small masses
;

they seem always to be structures of at least atomic dimensions.

We may provisionally explain the facts by the hypothesis that the

corpuscle itself represents a unit charge of negative electricity.

An atom of ordinary matter with one corpuscle beyond its normal

number is an atom negatively electrified
;
an atom with a corpuscle

detached from it is an atom positively electrified.

Isolated corpuscles are found in cathode rays, in the radiation

from radioactive substances, and in gases at low pressures and

high temperatures. As the temperature falls or the pressure

rises, the negative ions approach the positive ions in size, and

at ordinary pressures appear, by their coefficients of diffusion, to

be at least of atomic size. The corpuscle must then be imagined
to attach itself to one, or perhaps more, neutral molecules, and this

complex structure to act as the negative ion.

We are now in a position to estimate the importance of the

experiments which have shown that the mass of the corpuscle is

independent both of the nature of the gas in which it is found,

and also of the material of the electrode used in producing it.

Not only must we conceive atoms to be made up of these more

minute particles, but it is necessary to suppose that in all atoms,

whatever be their nature, these particles are similar. The dream

of an ultimate particle, common to all kinds of matter, has thus at

length come true.

Further evidence is not wanting in support of this hypothesis.

The absorption of ordinary light by different substances bears no

relation to the density of the absorbing medium. Heavy materials

like iron or glass, light bodies such as cork or water, may be either

opaque or transparent. On the other hand, in the absorption of

cathode rays, and of the corresponding rays which, as we shall

see, are emitted by radioactive bodies, very different phenomena

appear. A given thickness of any material, whether gas, liquid,

or solid, absorbs these rays simply in proportion to its mass,

entirely independently of any other property. Throughout an

enormous range of density, various substances, including air, the

heavy gas sulphur dioxide, paper, glass, silver, and gold, possess
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absorption coefficients directly proportional to their densities.

This remarkable relation is explained at once by the theory we
are considering. If each atom of matter be composed of a number
of corpuscles, and these corpuscles be extremely minute compared
with the atom as a whole, it is clear that we must regard an atom

as an open structure in which the vacant spaces are immense

compared with the size of the tiny particles scattered throughout
the atomic system under the controlling influence of their mutual

forces. A collection of such atoms, forming, let us say, a thin plate

of aluminium, might be quite impervious to other atoms as wholes

it might, in fact, be quite air-tight. The flight of isolated

corpuscles in a cathode ray, however, if travelling fast, might
be able to penetrate the plate here and there, the corpuscles

finding their way between the atoms, or through the inter-

corpuscular spaces in the structure of the atoms themselves.

The corpuscles being all similar to each other, the relative

densities of two substances, such as aluminium and air, must

depend simply on the relative numbers of corpuscles which make

up the atoms contained in unit volume of each material. The

power, possessed by different kinds of matter, of stopping cathode

rays, also, will depend simply on the number of such corpuscles

contained in unit volume of the different absorbing media, for

the particles in the rays will pass readily through the open
structure of the atomic systems, but will be stopped by collision

with the substance of the individual corpuscles which make up
those systems. The absorbing powers must thus, on our theory
as well as in fact, be proportional to the density of the material,

and independent of all its other properties.

110. A flame, or the hot gases therefrom, will discharge an

electrified body, and the air near an incandescent

in"andesTent solid is found to be ionized. Elster and Geitel,

O. W. Richardson, H. A. Wilson, and others have

shown that, as a platinum wire is heated gradually, it begins

to emit positive ions at a temperature corresponding to a low red

heat. The investigation of the influence of a magnetic force shows

that these ions vary in size, some probably being molecules of the

gas, and others molecules of the metal or even dust disintegrated
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from its surface. As the platinum is heated still further, negative
ions also come off, ultimately in large excess. In vacuo the nega-
tive leak from platinum and carbon filaments is very large from

carbon it may even amount to as much as an ampere of current

from each square centimetre of surface. The negative ions are

then of sub-atomic dimensions, and are identical with the corpuscles

obtained by other means.

The emission of corpuscles at high temperatures is not confined

to solids. Thomson finds that sodium vapour also gives off a large

supply, and the effect seems to be common to all kinds of matter

at a white heat. Carbon is particularly efficacious, perhaps because

it can be raised to a higher temperature than can metals. It is

easy to demonstrate the existence of a measurable current from

one limb of the carbon filament of an ordinary incandescent lamp
to an insulated plate placed between the limbs.

Owing to the emission of corpuscles by an incandescent wire

or carbon filament along which a current flows, the effective

current-carrying area of the wire is increased. In vacuo a consider-

able fraction of the current might pass through the space

surrounding the wire, which must become filled with corpuscles.

Although in gases at ordinary pressures the emission of corpuscles

is less copious, still, ionization will occur to an appreciable extent

just round the wire, and a part, though perhaps a small part, of the

current will pass along outside the substance of the wire.

The phenomena we are now considering must have an impor-
tant bearing on cosmical processes. The photosphere of the sun

contains large quantities of glowing carbon, and this carbon will

emit corpuscles until the resultant positive charge left on the sun

exerts an electrostatic force great enough to prevent further

emission. In this way a condition of equilibrium would be reached.

Any local elevation of temperature would then cause a stream of

corpuscles to leave the sun and pass into the surrounding space.

When corpuscles pass through a gas with high velocity, they make
it luminous, and Arrhenius has explained many of the periodic

peculiarities of the Aurora Borealis by the supposition that cor-

puscles from the sun, due either to incandescence or to some

other cause, stream through the upper regions of the earth's

atmosphere.
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1 11. The phenomena of electrolytic conduction through liquids,

and of non-electrolytic conduction through metallic

pus

e
cu?lr substances, must now be interpreted in terms of this

conduction. corpuscular theory. The chemical decomposition of

electrolytic solutions, which we have described in

Chapter X, indicates that an electric transfer through such liquids

involves a movement of the chemical constituents of the substance

decomposed. In fact, as we have seen, that movement has been

demonstrated experimentally, and the passage of the ions rendered

visible. We must suppose, then, that the corpuscle forming the

effective negative essence of the anion in liquid electrolytes is

attached to an atom of matter. This atom may be associated with

other atoms or molecules forming a complex ion, but the point is

that the isolated corpuscle cannot slip from one atom to another,

and thus carry an electric current through the liquid; the corpuscle

cannot move without a corresponding movement of matter of

matter, that is, in its atomic or molecular sense.

Here again the motion of the positive ion involves the simul-

taneous passage of a particle of matter of at least atomic dimensions.

The positive ion consists of an atom of the electrolyte with one

of its corpuscles missing. A unit of negative electricity has

been removed from it, that is, it is left with a positive charge.

Electricity, on this hypothesis, is one, not two
;
the two so-called

opposite electricities being perhaps an excess or defect of a single

thing. Thus the nomenclature of the old "one fluid theory" is still

appropriate. It is true that the meaning of the conventional names

positive and negative should be reversed. But the signs conven-

tionally attached to electric charges are a mere matter of historical

accident. It is the old negative electricity which, from our present

point of view, is the real corpuscle, and a positive charge means

a deficiency in the proper number of the electrical units.

In metals, an electric current flows without chemical change in

the substance of the conductor, so that, in this case, we must

imagine the corpuscles to be freely mobile. They pass from atom

to atom, and thus carry the current when an electromotive force

acts. In the presence or absence of such a force, they may be

regarded as existing within the metal in a state resembling in

many ways the state of a gas in a closed vessel. Estimates have
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been made of the number of corpuscles present in a given volume ;

of the velocity with which they move under an electric force
;
and

of their mean free path within the metal, that is, of the average
distance a corpuscle moves between its collisions with other corpus-

cles. As we have seen, when the metal is heated, the corpuscles

begin to leave it, and stream away into the surrounding space. At

any constant temperature, equilibrium is set up between the

corpuscles leaving the metal owing to the effect of temperature
and those drawn back again by the residual positive charge on the

metal. We may look on the system as analogous to a liquid in

equilibrium with its own vapour.

In Chapters in and IX we saw that it was necessary clearly to

distinguish the electric current and the heating effect of the

current from the flow of the energy by which the current was

maintained. The energy passes through the surrounding medium,

through the luminiferous aether. The current is merely the line

along which the energy of the aether can be dissipated as heat.

A conducting wire must be regarded as a channel along which

the free ends of a line or tube of electric force can move, and, when

the poles of a battery are connected by means of a wire, the

tubes of force in the surrounding air run their opposite ends on to

the wire, pull those ends towards each other, and shut up. Other

tubes are then pushed into the wire by their mutual transverse

pressure, and are obliterated in turn. The tubes of force in the

dielectric field are thus inclined to disappear, and the state of

aethereal strain in that field tends to be relieved. Simultaneously,

however, the battery endeavours to reassert the original distribution

of tubes, and once more to set up the strain. In this way new
tubes are constantly forming between the terminals of the battery,

arid are as constantly pushed into the connecting wire, where they
vanish. When the connection is metallic, it is only the negative
ends of the tubes, attached to the corpuscles, that move, the

positive ends remain at rest. If, on the other hand, part of the

circuit be composed of an electrolyte, in that part the positive ends

of the tubes, being attached to mobile ions, move also.

The ionic theory of electrolysis gave a clear idea of the

mechanism by which the slipping of the ends of the tubes of

force occurred in conducting liquids, and the corpuscular hypo-

w. E. 20



306 ELECTRICITY [CH. XI

thesis gives us an equally vivid insight into the nature of the

process within metallic circuits. The tubes, anchored by their

ends to an ion in electrolytes or to a corpuscle in metals, drag
their anchors. It is the slip of the anchors that constitutes the

current, and the heat developed by the passage of the current is

to be explained by the frictional resistance to the drag of the

anchor, or to some other means of dissipating energy, such as

inter-corpuscular radiation, not yet fully understood.
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CHAPTER XII.

RADIO-ACTIVITY.

Radio-active substances. Classification of the radiations. Radio-active

change. Radio-active emanations. Induced or excited activity. The

energy of radio-active change. Theories of radio-activity. Radio-activity

of ordinary materials. Electricity and matter.

112. THE discovery of the phenomena of radio-activity arose

Radio-active indirectly from the study of Rontgen rays, and the

investigation of the new phenomena was rendered

possible by the knowledge which was acquired previously and

simultaneously of the conduction of electricity through gases.

Rontgen rays produce fluorescent effects on suitable screens;
and it was natural to examine phosphorescent and fluorescent

substances, to determine if they were the source of similar

radiation. For some time no definite results were obtained
; but,

in the year- 1896, M. Henri Becquerel discovered that compounds
of the metal uranium, whether phosphorescent or not, affected a

photographic plate through an opaque covering of black paper,

even when no light had fallen upon the compounds previously.

It was soon found that, like Rontgen rays, the rays from uranium

produced electric conductivity in air and other gases through
which they passed. Compounds of thorium, too, were found to

possess similar properties. In the year 1900, M. and Mme. Curie

made a systematic search for these effects in a great number of

chemical elements and compounds, and in many natural minerals.

They found that several minerals containing uranium were more

active than that metal itself. Pitch-blende, for instance, a sub-

stance consisting chiefly of an oxide of uranium, but containing

202
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also traces of many other metals, was especially active. When
obtained from Cornwall its activity was about equal to that of the

same weight of uranium, but samples from the Austrian mines

were found to be three or four times as effective. The presence of

some more active constituent was thus suggested. To examine

this point, the various components of pitch-blende were separated

chemically from each other and their radio-activities determined.

In this way, three different substances, radium, polonium, and

actinium, all previously unknown, appear to have been isolated by
different observers. Of these three the most active is the well-

known radium, discovered by M. and Mme. Curie, working with M.

Bemont.

Radium is obtained from pitch-blende, in company with the

metal barium
;
and the two seemed at first to be connected chemi-

cally so intimately that the new substance was for a time called
"
active barium." However, a slight difference in the solubilities

of some of their salts allows them to be separated gradually by a

process of repeated fractionisation, the radium chloride and bromide

crystallising out more readily than the corresponding compounds
of barium.

These processes of chemical separation are remarkable for their

use of the new property of radio-activity as a sole guide in the

operations. After each reaction the activities of both the product
and the residue were determined. It was thus settled whether the

reaction just tried was effective, and in which of the substances

separated by the reaction the property of radio-activity had been

concentrated.

The quantity of radium present in pitch-blende is extremely

small, many tons of the mineral yielding, after long and tedious

work, only a small fraction of a gramme of an impure salt of

radium.

An interesting point in these investigations is the extreme

sensitiveness of the property of radio-activity as a test for the

presence of those substances which possess it. A delicate electro-

scope will show easily a leak of electricity with a substance having
an activity of about the one-thousandth part of that possessed by
uranium. The activity of pure radium has been estimated as about

one million times that of uranium
;
and such radium is a definite,
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well-marked chemical element, like other elements, forming salts

and other chemical compounds, and giving strong bright lines when

heated and examined with a spectroscope. Spectrum analysis has

hitherto been the most delicate means at our disposal for detecting
the presence of the chemical elements

;
but in the preparation of

radium from pitch-blende its spectrum only began to appear when,
in the prolonged process of fractionization, the product had reached

an activity of about fifty times that of uranium. Thus it appears
from these figures that the electroscopic method of detecting
radio-active matter is many thousand times more sensitive than

the most refined methods of spectrum analysis.

113. In the year 1899 Professor Rutherford, of Montreal, dis-

covered that the radiation from uranium consists of
Classification
of^e

. two distinct parts. One part was found to be unable
radiations.

to pass through more than about the fiftieth of a

millimetre of aluminium foil, while the other part would pass

through about half a millimetre before its intensity was reduced

by one-half. The first named, or a rays, produce the most marked

electric effects, while the more penetrating, or $ rays, are those

which affect a photographic plate through opaque screens. At a

later date a third type of still more penetrating radiation, known

as 7 rays, was detected. These rays can traverse plates of lead a

centimetre thick, and still produce photographs and discharge

electroscopes. In proportion to its general activity, radium evolves

all three types of radiation much more freely than uranium, and is

best employed for their investigation.

The moderately penetrating, or ft rays, can be deflected easily

by a magnet ;
and Becquerel, who deflected them by an electric

field as well, conclusively proved that they were projected particles

charged with electricity. M. and Mme. Curie had shown previously

by direct experiment the existence of a negative charge associated

with these rays. Owing to their ionizing action, it is impossible to

demonstrate that a body surrounded by air gains a charge when

exposed to the rays. Such a charge would leak away as fast as it

was acquired. But, by working in a very good vacuum, or by

surrounding the body with a solid dielectric such as paraffin, the

acquisition of a negative charge can be demonstrated by means of an
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electrometer. Further investigation showed that the rays behave

in all respects like cathode rays, although they possess velocities

greater than those of any cathode rays hitherto examined, velocities

which have different values varying from 60 to 95 per cent, of

the velocity of light. The rays, then, are negative corpuscles.

Magnetic and electric fields which are strong enough to deflect

considerably the (3 rays produce no effect on the easily absorbed a

rays. Although Strutt, in the year 1900, had suggested that the

a rays were positively charged particles, of mass greater than that

of the particles which constitute the negative ft rays, it was not till

some time afterwards that their magnetic and electric deviations

were demonstrated experimentally, and shown to be in the direction

opposite to that observed with ft rays. The mass of the carriers

in the a rays, as calculated from the deviations, appears to be about

that of helium atoms more than one thousand times greater than

that of the negative corpuscles but there is some doubt whether

the positive charges on the X rays are permanent, and if not, the

basis of the calculation is unsound. The velocity is about one-tenth

of that of light. The very penetrating or 7 rays have never been

deflected, and it is supposed that they are different in kind to the

other types, and, like the X rays discovered by Rontgen, consist of

wave-pulses travelling through the aether with the velocity of light.

On the analogy of the cathode rays, indeed, we should expect that

such pulses would be started as a secondary effect of the ft rays.

Each type of radiation is absorbed by matter of all kinds in

direct proportion to the density. The a rays, which can penetrate

only some hundredth of a millimetre of aluminium, will be absorbed

by passage through a few millimetres of air. About 95 per cent,

of the total ionization produced by a layer of radium or uranium

is due to the a rays. Hence the ionization is much more intense

in a layer a few millimetres thick lying next the radio-active

material. This result is to be borne in mind in applying simplified

theories, such as that given on page 290, to these cases. The

potential-gradient, too, between two electrodes, on one of which

is spread a layer of uranium or radium, will not be uniform,

being less where the ionization, and consequently the conductivity,

is greater.

In the present year, 1905, a new type of radiation has been



XIl] RADIO-ACTIVITY 311

discovered. When radium or polonium is placed in a vessel

exhausted to the highest possible degree by the aid of charcoal

cooled with liquid air, the substance is found to emit very slowly

moving particles, which impart a negative charge to a gold-leaf

suspended within the vessel. These negative particles are absorbed

by a much thinner layer of air than the a rays, and, except in a

good vacuum, are absorbed before they can be detected. It is not

yet certain whether or not these slow-moving particles are an

invariable accompaniment of a radiation.

It is remarkable that the radio-activity of a substance as

measured by the emission of a, /9, and 7 rays is not affected by

changes of temperature. Heating to redness, or cooling in liquid

air, equally seem to be, in general, without effect. Again, the

radio-activity of any element appears to be independent of the

compound in which that element is contained. In thin layers,

when absorption by the substance itself is not involved, the

activity of a given mass of radium is the same when present
as chloride or as nitrate, while uranium the metal has the same

activity when combined as uranium nitrate.

The property of independence oftemperature seems to forbid the

reference of the energy of radio-activity to any ordinary chemical

changes, while the identity of the effect for an element in different

compounds indicates that radio-activity is a characteristic property
of the chemical atom.

114. The experiments just mentioned suggest that radio-

Radio-active activity is an atomic phenomenon. But, in the year

1900, Sir William Crookes found that, if uranium

be precipitated from solution by means of ammonium carbonate,

and the precipitate dissolved in an excess of the reagent, a

small quantity of insoluble residue remained. This residue, to

which Crookes gave the name of uranium-X, was found to be

intensely active when examined photographically, while the re-

dissolved uranium was photographically inert. Similar results

were obtained by Becquerel, who found that, when put aside for

a year, the active residue lost its activity, while the inactive

uranium regained its original radiating properties.

In 1902 Rutherford and Soddy discovered a corresponding
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effect with thorium, which may be deprived of part of its activity

by precipitation with ammonia. The filtrate, when evaporated,

yields a residue which is very radio-active. After a month's

interval, however, this activity had disappeared, while that of

the thorium had regained its initial value. The active residue,

thorium-X, seems to be a distinct chemical substance, for it is

only separated completely by ammonia. Other reagents which

precipitate thorium do not separate it from thorium-X. On
these grounds it was concluded that the X-compounds are

separate bodies, which are produced continuously from the parent

substances, and lose their activity with time.

The processes of loss and regain of activity were then studied

in detail. We will take the case of uranium, which, in some ways,

is simpler in its properties than thorium. Crookes and Becquerel
measured the activity by the action of uranium on a covered

photographic plate. The cover absorbs the a rays, and hence

the ft rays alone are used in such experiments. If the electrical

method be employed, all the types of rays may be studied.

Rutherford and Soddy found that the non-separable activity of

uranium was due to the emission of a rays alone, while the

activity of the uranium-X was due solely to ft and y rays.

The rates at which the activity of the uranium-X decayed,
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and that of the separated uranium recovered, are shown in the

curves of Figure 121. It will be noticed that the curves are

complementary to each other; the activity regained by the

uranium is, at any time, equal to that lost by the uranium-X.

Again, we see that it is no more possible to change the total

amount of radio-activity by chemical than by physical processes.

The activity of the uranium-X falls to half its initial value

in about 22 days, and the residual half-activity again sinks to

half in an equal period. This rate of change in a geometrical

progression is typical of radio-active processes, the particular

time-constant involved depending upon, and characterizing, the

particular substance involved. Thus similar curves are obtained

with thorium and thorium-X, but the time needed for the activity

to become halved or doubled, in this case, is only 4 days. The

determination of the rate of decay of radio-activity may be carried

out easily by electrical measurements; it gives the most con-

venient and delicate test for the different radio-active substances,

which may be distinguished from each other by this means.

In all such processes as those we are studying, the variable

quantity changes by an amount per second proportional to the

value of the variable at the beginning of the interval. Examples
of this method of variation are given by the decrease in the

pressure of the atmosphere as one ascends vertically from the

surface of the earth, by the increase of a sum of money put out

at compound interest, or by the decrease in the amount of a

chemical compound which is dissociating, molecule by molecule,

into simpler products. The likeness between radio-active changes,

which, as we have seen, are probably atomic phenomena, and a

mono-molecular chemical change is significant. It suggests that

the X-products are formed by the dissociation of the chemical

"atoms" of the radio-active elements.

Let / be the intensity of the activity of unit mass of uranium-X

at the end of a time t. Then the rate of decay of activity is

dl/dt, and, by experiment, is proportional to /, the actual

activity. Thus

a
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where X is a constant expressing the fraction of the activity lost

in unit time.

If we integrate this expression, taking / as the initial activity,

we get

which, by the nature of logarithms, may be written

_ t>-xt

i~
On the theory which regards radio-activity as the accompaniment
of the production of new substances, these equations denote the

rates of formation and decay of the new radio-active material.

115. In the year 1900 Rutherford made another striking dis-

Radio-active covery. The radiation from thorium was known to

be very capricious, being affected especially by slight

currents of air passing over the surface of the active material.

Rutherford traced this effect to the emission of a substance which

behaved like a heavy gas having temporary radio-active properties.

This emanation, as it was named, is to be distinguished clearly from

the radiations previously described, which travel in straight lines

with high velocities. The emanation diffuses slowly through the

atmosphere, as would the vapour of a volatile liquid. It acts as

an independent source of straight line radiations, but suffers a

decay of activity with time, following the usual exponential law.

Similar emanations are evolved by radium and actinium, but not by
uranium or polonium.

The amount of emanation evolved by radio-active substances is

extremely small. A minute bubble has been obtained from some

decigrammes of radium bromide, but, in ordinary cases, the amount

is much too small to affect the pressure in an exhausted vessel, or

to be detected otherwise than by its property of radio-activity. It

is usually obtained mixed with a large quantity of air, and can be

transferred from one vessel to another with the air.

Its activity may be tested by introducing the air mixed with

the emanation into a brass cylinder (Fig. 122) along the axis of

which lies a brass rod fixed through an ebonite cork. The rod is
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connected with an electrometer, and the cylinder with one terminal

of a battery. From the rate of deflection of the needle of the

Earth

lll->
^Earth

Fig. 122.

electrometer, the current through the gas, and thus the ionization

due to the contained emanation, may be estimated.

The radio-active emanations seem to be very inert chemically ;

in this, they resemble gases of the argon group. They pass un-

changed through acids or hot tubes, but are condensed at the

temperature of liquid air, evaporating again as the tube is

warmed.

By measuring the rates of diffusion of the emanations into

other gases, their densities have been determined approximately,
and found to be about one hundred times that of hydrogen.

The rates at which the activities of the emanations decay may
be examined by storing a quantity of air mixed with emanation,

and, at regular intervals, placing an equal volume of it in a testing

cylinder such as that of Figure 122. If the ionization be measured

immediately, it will represent the activity of the emanation alone,

uncomplicated by the activity excited on solids by contact with

the emanation an effect which we shall examine presently.

The activity of the emanations is found to follow an exponential
law of decay, and the curves resemble those for the X-products
illustrated in Figure 121 on page 312. The radium emanation

decays to half value in about 3*7 days, and the thorium emanation

in about 1 minute.

Unlike the "
straight line

"
radiations of the types a, /9, and y,

the emanations are emitted much more freely from some com-

pounds of the radio-active element than from others, while the rate

of emission is largely dependent on physical conditions, such as the
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temperature of the system. By a striking series of experiments,

however, Rutherford has traced these differences to variations in

the ease with which, after formation, the emanation escapes from

the generating substance.

Let us consider these results in more detail. It is found, for

example, that while the emanation is given off very slowly from

dry and solid radium chloride, it is emitted freely from the same

salt in solution. This allows the problem to be submitted to the

test of quantitative experiment. The rate of decay of the radium

emanation is known; its activity falls to half value in 3'7 days.

Thus, the activity of the emanation stored in a solid radium salt

reaches a limit, when its rate of decay becomes equal to the

constant rate at which the emanation is produced by the radium.

On the hypotheses that the emanation is formed at the same rate

in the solid as in the solution, that it escapes from the solution as

fast as it is formed, and that it does not escape appreciably from

the solid, it is clearly possible to calculate the amount ofemanation

that should be stored in the solid, as compared with the amount

produced and emitted by the solution in a given time.

The calculation shows that 463,000 times more should be

stored in the solid than is emitted by the solution in one second.

Now if, as supposed, the emanation is stored in the solid, this large

amount will be liberated instantaneously when that solid is dissolved

in water. Rutherford and Soddy measured this rush of emanation

by its effect on an electroscope, and found that it was 477,000

times greater than the quantity afterwards developed by the

solution in one second : a remarkable confirmation of the several

hypotheses given above.

The effect of raising the temperature is similar to that of

solution. When a solid radium compound is brought to a red heat,

a rush of emanation takes place, which makes the initial emanating

power some hundred thousand times greater than that of the cold

solid. This high rate of emission, however, does not last
; it, also,

is due to the rapid escape of stored material.

By experiments such as these, the emanating power of radio-

active elements has been brought into line with their other radio-

active properties, and has been shown to depend only on the mass

of the element present, whatever be the state of combination in
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which that element exists, and whatever be the physical conditions

under which the process occurs.

116. If a rod, such as that within the cylinder of Figure 122

on page 315, be exposed to the emanation of radium
Induced or . . . .

excited or thorium, it will itself acquire radio-active pro-
activity. . . . . .

perties, especially if negatively electrified while in

contact with the emanation. When withdrawn from the vessel

containing the emanation, and placed in a testing cylinder as

shown in the figure, it is found to ionize the gas.

Again, if a platinum wire which has become active by exposure
to thorium emanation be washed with nitric acid it is unaffected.

With sulphuric or hydrochloric acid, however, it loses nearly all its

activity, while the acid, when evaporated, gives a radio-active

residue. This result indicates that the excited activity on the

wire is due to the deposit of some new type of radio-active matter,

which has definite reactions with different chemical reagents. In

the light of the conclusions at which we have arrived above, it

is natural to interpret this new matter as a product of the disin-

tegration of the emanation from which it arises.

For long exposures to the emanation, the decay of the excited

activity on a solid surface follows an exponential law. For short

exposures, more complicated curves are obtained. Figure 123

shows the rate of decay of the excited activity due to an exposure
for a few seconds to radium emanation. At first sight it bears

no resemblance to the regular logarithmic curve of Figure 121

on page 312, which is the typical example of radio-active change.
Rutherford has shown, however, that this radium curve may be

explained by the hypothesis that the radio-active matter undergoes
three successive changes, each of which conforms to the usual

exponential law. The first change, to which is chiefly due the

rapid fall of the curve near the beginning, is half completed
in about 3 minutes

;
the second change involves no radio-activity,

and is half completed in 36 minutes
;
while the third change is

again radio-active, the half value being reached in 28 minutes.

If the rod be exposed for a few seconds only, the first kind

of excited activity alone is produced while the surface is in

contact with the emanation. When the rod is removed, this
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activity decays rapidly, and the matter to which it is due passes

into a new kind, which, in its turn, gives rise to a third. This

change, however, is not accompanied by radio-activity, or, at all

events, by radio-activity measurable by ordinary methods. The

third kind of matter again changes, and this time the process is

radio-active once more. The simultaneous process of these three

kinds of change gives rise to the complicated phenomena repre-

sented by the curve of Figure 123.

40 60

Time in Minutes

Fig. 123.

100 120 140

If the rod be exposed to the emanation for some hours, a

balance between these different processes is reached, and the

whole radio-activity decays, when the rod is removed, in an

exponential manner with the time.

Soon after appreciable quantities of radium were available

for investigation, Giesel drew attention to the fact that a radium

compound gradually increases in activity after formation, and only
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reaches a constant state after a month's interval. Similar pheno-

mena have been observed by Curie and Dewar for the heat-effect.

These results are explained readily if we consider the properties

of the emanation as elucidated by the experimental evidence that

has now accumulated.

When a salt of radium is dissolved in water, and the solution

boiled, the emanation previously stored in the salt is evolved and

removed. The residual activity of the salt is then found to be

much diminished. This activity must include that due to the

radium itself, and also the excited activity, which has been

developed by the emanation, but is not removed with it. The

effect of the excited activity decays rapidly; after a few hours

it will nearly have vanished, and we then get the true activity

of the pure radium salt alone, uncomplicated by that of the

emanation, or by the excited activity which is produced by the

emanation.

This residual, non-separable activity is found to consist entirely

of a rays, and, measured electrically, is about 25 per cent, of the

normal activity of a radium compound after a month's existence
;

a normal activity which comprises the combined effects of radium,

of the radium emanation, and of the excited activity.

Thus, radium itself, in producing the emanation, gives rise to

a. rays and the newly-discovered slow-moving negative particles

only ;
similar radiation is found to be the sole accompaniment of

the changes suffered by the emanation, and by the first, transient

kind of excited activity. The second kind of deposited matter

is non-radio-active, but the third kind, decaying to half-value in

28 minutes, produces at least a, /3, and 7 rays.

A further change has been detected. Bodies exposed to the

emanation of radium become radio-active, and a small part of

this activity remains after the lapse of many months. It is

probable that this represents the action of matter produced by
the last kind of substance described above. Rutherford estimates

the time-constant of this slowly decaying matter at about 40 years
an interval too long to hold out much hope of quick improve-

ment in the state of the walls, furniture and tools in laboratories

where radium has been freely handled, and, in consequence, delicate

measurements of gaseous ionization have become almost impossible.
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117. In 1903 Curie and Laborde drew attention to the rernark-

The ener of
a^e âct ^^ comPoun(^s ofradium constantly emitted

radio-active heat. They calculated from their experiments that

one gramme of pure radium would emit about 100

gramme-calories of heat per hour. The rate at which this energy is

emitted is unchanged by exposing the radium salt to high tempera-
tures, or to the low temperature of liquid air, and certainly is not

diminished even at the temperature of liquid hydrogen.
The emission of heat has been correlated by Rutherford with

the radio-activity. Radium freed from its stored emanation,
recovers its radio-activity as measured electrically at the same
rate as its power of evolving heat, and the separated emanation

shows variations in the heat developed corresponding with those

observed in its radio-activity. The electric effects of the radio-

activity being chiefly due to the a rays, the heat effect also must

chiefly be connected with, or dependent upon, the emission of a rays.

118. The demonstration of the continual development of

Theories of heat by compounds of radium led to many attempts
=tlvlty '

to explain the source of this apparently unfailing

supply of energy.

It was suggested that radio-active substances possessed the

power of absorbing the energy of some unknown radiation stream-

ing through space, and of giving it out again in the form of

the observed rays. Against this view it has been pointed out that

the radio-activity of radium is not affected by surrounding it with

thick screens of lead, which, it was argued, would presumably absorb

some of the incident radiation. Moreover, the radio-activity and

emanating power have been shown to bethe same when the radium

salt is concentrated, as when it is dissolved or spread in thin films.

Thus, parts of the radio-active substance itself, which, by hypothesis,

absorb this unknown radiation, do not appreciably screen other

parts from its effects.

Both these results, however, are possibly consistent with the

hypothesis which supposes that the unknown radiation is absorbed

only by radio-active substances. Thus lead would have no absorb-

ing effect, or, at all events, none appreciable compared with that

of radium. And the absence of screening by contiguous portions
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of radio-active matter is explicable if the intensity of the unknown

radiation be great ;
a minute fraction of it would then alone be

absorbed by the small quantities of radium which are available

for experiment.
But the hypothesis is to be rejected on other grounds. It

may be true that there is no evidence against it : at present there

is certainly none for it. It introduces a new unknown : it is

unnecessary, and nothing more damning can be said of a scientific

theory.

As a result of their experiments on the emanations, and the

excited activity produced thereby, Rutherford and Soddy ex-

plained the energy of radio-activity as due to the disintegration
of the radio-active atoms. The evidence for this revolutionary

hypothesis may be summarized as follows :

(1) Radio-activity is always found accompanied by chemical

change ;
new substances are always detected after radio-activity

has been going on substances which have distinct physical and

chemical properties, different from those of the pre-existent
substances.

(2) The rates of development and decay of these new

substances, as measured by their radio-activity, always follow an

exponential law, whereby the rate of change is proportional to the

amount of reacting substance present at any instant. This implies
that the change is of the nature of a dissociation, in which in-

dividual particles alone are concerned. If the change were one of

combination, or of double decomposition between two particles,

the rate of change would depend on the square of the concentra-

tion, and another law would hold.

(3) Radio-activity is a characteristic property of the element

it does not depend on the state of combination, nor, in general,
on the physical conditions, such as temperature, which affect

ordinary chemical changes so decisively. The conformity with the

mono-molecular law of change indicates that single systems are

dissociating; this further evidence points to the atoms as the

systems involved.

(4) Since a gramme of radium emits 100 gramme-calories of

heat per hour continually for many years at least, the total amount
of energy liberated must greatly transcend the energy associated

W. E. 21
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with any known chemical change. Hence we are led once more

to look within the atom for the source of energy, and to suspect
that the store of internal atomic energy is very great an idea

long ago suggested on other grounds.

Let us then in terms of this new theory, restate the results

which we have already described. All radio-active elements have

very high atomic weights, the atom of radium, for instance, being
about 225 times as heavy as that of hydrogen. Radio-active atoms

are therefore very complex structures, and, on the theory we are

considering, are capable of breaking down into simpler and lighter

systems. The elements thorium and uranium contain some few

atoms which, at any moment, are disintegrating. As we have seen,

the activity of the pure separated thorium or uranium consists of a

radiation only. Thus, the essential process of the radio-activity of

these rays consists in the emission of a rays, the disintegration of

each atom resulting in the projection of one or more a particles with

a velocity about one-twelfth that of light, while the residues break

down into new and simpler atoms, which are themselves in a state of

instability, and are known to us as thorium-X and uranium-X.

The further transformation of these bodies is very rapid, their

activity disappearing in a time to be measured in days. It is

probable, however, that in radium we possess an analogous

substance, also an intermediate product in a state of instability,

the life of which is much longer.

The energy of the a particles is known, and hence it is possible to

calculate the total amount of energy which a given mass of radium

would emit if each successive radio-active change means the emission

of one a particle per atom. The heat evolution gives the rate of

evolution of energy ;
thus the time needed for a mass of radium

to diminish by one half, as its atoms one after the other disinte-

grate, may be estimated as about 1000 years. The primary

substance, standing to radium as thorium stands to thorium-X, is

at present uncertain
;

it may be one of the metals which are found

in pitch-blende, and experiments made by Mr Soddy and by the

writer seem to show that purified uranium salts, when kept for some

months, develop slight traces of radium emanation.

As in the formation of the X-product, the essential process in
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the radio-activity which accompanies its disintegration consists in

the ejection of the positively charged particle which we recognise

as an a ray by its power of ionizing a gas through which it passes,

and thus rendering that gas a conductor. The loss of this positive

particle implies a change in the atomic residue, which now, in the

case of uranium-X, seems to lose all radio-active properties, and

therefore to pass out of reach of our present powers of obser-

vation.

In compounds of radium and thorium, however, we get the

emanations as the next step in the process of atomic dissociation.

These bodies also are unstable, that is, radio-active. They emit new

a rays, and produce the excited activity which is due to a deposit

on the walls of the containing vessel. This deposit again breaks

down, with the usual accompaniment of a radiation, and passes

through the successive changes we have studied above, in the

course of which ft and 7 rays appear.

The quantities of matter involved in any radio-active change
are excessively minute, and no other method at present known
enables us to detect the final inactive products as they are formed.

It is, however, not improbable that, by the slow accumulation of

material which must of necessity go on when a radio-active body
is kept for a long time, the inactive products will be obtained

eventually in amounts sufficient to be distinguished by the

spectroscope or even by ordinary chemical analysis. In this

connection we must give due weight to the fact that in all

radio-active minerals considerable quantities of the gas helium

are occluded. Sir William Ramsay and Mr Soddy, by spectro-

scopic methods, have detected the presence of helium in the gases
evolved from a sample of radium, originally prepared from pitch-

blende and kept as a solid for some months. The spectrum of

helium was invisible when the emanation was first collected and

examined, but it soon appeared and gradually increased in intensity

with the lapse of time.

Similar results have been obtained by Dewar and Curie, who,

moreover, appear to have traced the disappearance of a minute

volume of the emanation. This has been explained by the idea

that the resulting helium, being projected in the atomic state

with great velocity, penetrated the glass walls of the vessel and

212
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thus occupied no volume. The decrease in the volume of a

minute quantity of emanation has also been observed by Ramsay
and Soddy.

Such results are very suggestive : it seems difficult to avoid

the conclusion that helium is one of the final products obtained

by the disintegration of the radium atom.

119. A few years ago radio-activity was unknown. Now, it is

difficult or impossible to find substances which show
Radio-activity V m
of ordinary no siofns of the property. Traces of the emanation
materials. r r J

of radium or, at all events, of an emanation possessing

an identical rate of decay, have been detected in many deep wells,

especially in the medicinal waters of Bath and Buxton
;
in many

samples of earth and clay; and in the atmosphere, particularly

in the air of caves and caverns.

A wire, negatively electrified and exposed to the air, acquires

excited activity resembling in all respects that caused by exposure

to radium emanation, and it is natural to conclude that the slight

traces of conductivity found in gases in all circumstances are due

to radiations from some radio-active material, near or far.

The ionization of a gas in an enclosed vessel might be referred

to the presence of some slight trace of a radio-active impurity in

the substance of the walls, or to a specific radio-activity of that

substance itself. The solution of this problem is a task of much

difficulty owing to the prevalence of traces of radium
; but, careful

experiments by N. R Campbell and others now indicate that the

nature of the ionizing radiations depends on the kind of metal

used for the walls of the vessel, and favour the view that all

substances are to some slight degree radio-active.

120. The success of Maxwell's electromagnetic theory of light

Electricity indicated that, as we have seen on page 205, the

atoms of material bodies, which, when incandescent,

give rise to light, must contain electric systems capable of vibration.

The frequency of undulation of a wave of light is too great for us

to refer the origin of the waves to atoms vibrating as wholes

within the molecules, and we are thus driven to look within the

atom for the vibrating particles. The complexity of the light
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emitted by many incandescent elements shows that the structure

of the atom must be very complex also, and that the electric

systems, which by their movements emit the electromagnetic

waves of light, must be capable of many modes of vibration.

To explain these phenomena, a theory was framed, chiefly by
Lorentz and Larmor, whereby the atom was imagined to be

composed of a number of electric units, called electrons, in rapid

orbital movement. On this view, matter is a manifestation of

electricity, and it was attempted to explain the further question

thus raised by imagining an electron to be a centre of strain in

the all-pervading aether, a place where,
"
to use a crude but

effective image, the continuity of the medium has been broken

and cemented together again without accurately fitting the parts."

If the waves of light take their origin from the acceleration

of intra-atomic electrons, which, when in motion, must be

equivalent to currents of electricity, a magnetic field should

change the path of the electrons, and thus affect the nature

of the radiation. By such reasoning the phenomenon of the

doubling and tripling of spectral lines in a magnetic field was

predicted before it was discovered experimentally by Zeeman.

When, by the experiments described in the last chapter,

J. J. Thomson demonstrated the existence of negatively electrified

corpuscles much smaller than the least of the so-called atoms, and

pictured the atom as made up of such corpuscles, they were at

once identified with the electrons, or isolated electric units, of

Lorentz and Larmor.

Moreover, on the electric theory which pictures matter as

made up of electrons in orbital motion, it was difficult to see

why atoms should be invariably permanent and stable systems.

Acceleration of the electrons would cause radiation and loss of

energy, and systems stable while in rapid motion should some-

times break up as the motion became slower. Hence, when the

phenomena of radio-activity forced the experimental physicist to

face the possibility of atomic disintegration, a difficulty in the

path of the electronic theory of the mathematician was removed.

The occasional instability which he had foreseen as a consequence
of his theory was found to be indicated as a more direct conse-

quence of experiment.
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Conceiving the atom as composed of a number of negative

corpuscles or electrons, placed within a sphere of positive electrifi-

cation in order to secure an inward force, Thomson has deduced

many of the observed periodic properties of the chemical elements

with regard to their valency and to the nature of their spectra.
Under the influence of their mutual repulsion, and of the central

attraction of the hypothetical positive sphere, the corpuscles assume

positions of equilibrium similar to those shown by a number of

little vertical magnets, floated on water by corks, and drawn

together by a large magnetic pole placed above them. As the

number of magnets is increased, different patterns are formed,
and patterns somewhat similar to each other will recur with

stated numbers, thus recalling to mind the recurrence of similar

chemical elements at regular intervals in Mendeleeff's periodic

table, in which the elements are arranged in ascending order of

their atomic weights. The nature or meaning of the hypothetical

sphere of positive electrification remains to be elucidated
;
in fact,

the nature of positive electricity may be considered as the most

pressing question of electrical science.

A moving electrified sphere carries with it the tubes of electric

force represented in Figure 97 on page 205. Moving tubes of force

imply a magnetic field proportional to their number and velocity,

and hence to set such a sphere in motion requires the expenditure
of the work necessary to establish the energy of the magnetic field.

When once established, the momentum of the moving tubes,

studied on page 210, will tend to keep them in motion; thus,

owing to its electric charge, the effective inertia of the sphere is

increased.

Let us apply this result to the case of a moving corpuscle.

Theory shows that, for moderate speeds, the electric inertia outside

a small sphere of radius r surrounding the electrified particle is given

by 2e2
/3r, where e is the charge on the particle. But, as the velocity

of light is approached, this electric mass grows very rapidly. Now,
in the /3 rays of radium, we may examine negatively electrified

particles moving with different velocities, some of which approach
that of light. By measuring photographically the magnetic and

electric deflections of these ft particles, Kaufmann has shown
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that the ratio m/e of the mass to the charge of these particles

increases as they near the velocity of light.

On the electron theory, matter is an electric manifestation,

and the mass of a body must be explicable as electric inertia.

On the assumption that the whole of the mass is electrical,

Thomson has calculated the ratio of the mass of a corpuscle

moving with different speeds to the mass of a slowly moving

corpuscle, and compared these values with the results of Kaufmann's

experiments.

In this remarkable manner has it been possible to obtain

experimental confirmation of the theory that mass is an electrical

or sethereal phenomenon.
We have now. explained, or explained away, the most funda-

mental dynamical property of matter, and still the mind is

unsatisfied. It asks at once : What is the nature of this electric

inertia into which mass has been resolved ?

As we have seen, in 73, it is possible to represent the

inertia of a magnetic field as due to electric tubes of force in

motion, dragging with them some of the luminiferous aether. In

this way electric inertia is in its turn "
explained

"
as "mechanical"

inertia of the hypothetical substance invented to enable our

minds to form a rational picture of other physical phenomena.
No doubt, in a certain sense, simplification is thus attained.

All natural phenomena are referred to the properties of the

sether, and a complete theory of the aether would give us a com-

plete account of the physical universe. Nevertheless the mystery
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. is but changed; it is not dissipated. We may have explained

matter in terms of aether
;
how are we to explain aether ?

It is not without significance that a book on a branch of

physical science closes most naturally with an unanswered

question.
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AYRTON and PERRY, contact effect, 254

;

ratio of units, 196

Ballistic galvanometer, 110
BARNES and CALLENDAR, thermal equi-

valent, 132

BARTOLI, radiation pressure, 212

BECQUEREL, radio-activity of uranium,
307 ;

deflection of j3 rays, 309 ; ura-

nium-X, 311
BEMONT and CURIE, discovery of radium,

308

BENNET, gold-leaf electroscope, 19
BERZELITJS and HISINOER, electrolytic

decomposition of salts, 216

BEVJS, Dr, Leyden Jar, 3

BLONDEL, oscillograph, 158

BLONDLOT, specific inductive capacity of

glass, 198

BOYLE, Hon. EGBERT, experiments on
the origin of electricity, 2

BOYS, VERNON, radio-micrometer, 145

BRANLY, coherer, 203

BROWN, removal of surface film, 255

BURROWES, STEPHEN, variation of mag-
netic declination, 60

CALLENDAR, platinum thermometer, 124
;

temperature recorder, 126

CALLENDAR and BARNES, thermal equiva-
lent, 132

CAMPBELL, N. E., radio-activity of

substances, 324

CANTON, JOHN, electrification by induc-

tion, 8

Capacity, electric, 26 ;
of an isolated

sphere, 36 ; of two concentric spheres,
36; of two parallel plates, 37

Capacity, specific inductive, 28

Capillary electrometer, 257

CARDEW, voltmeter, 133
CAREY FOSTER, comparison of resistances,

121
CARLISLE and NICHOLSON, electrolytic

decomposition of water, 215
Carnot's engine applied to thermo-

electric circuit, 138

CARR, sparking potential, 275
Cathode rays, 276, 279

CAUCHY, refractive indices and dielectric

constants, 198

CAVENDISH, HENRY, law of inverse squares,
15 et seq.; degree of electrification, 24;
electric capacity, 26

Cells, used in electrolytic measurements,
230; chemical, 251; concentration,
245; electromotive force of, 244; re-

versible, 241; secondary, 252; stand-

ard, 130; voltaic, 92, 239, 244

Charge on gaseous particles, 283
Chemical affinity and electrical con-

ductivity, 270
CHRISTIE and WHEATSTONE, comparison

of resistances, 117
Circular current, 104

Coagulation, 271

Coherer, electromagnetic, 203

Coils, standard, 115
Colloidal solutions, electrical properties

of, 271
Concentration cells, 245
Condensation nuclei, 295

Condenser, invention of, 3
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Conduction of electricity through gases,
273 ; corpuscular theory of, 305

Conductivity of electrolytes, 227 ;
of

gases, 287

Conductor, mechanical force of a charged,
39

Contact effect, 253

Corpuscles, 300, 304

Corpuscular theory of conduction, 305

COULOMB, torsion balance, 13
;
law of

inverse squares, 13

'Coulomb,' value of unit, 188

CBOOKES, Sir WILLIAM, electric discharge
in vacua, 276; uranium-X, 311

Crookes' dark space, 275

CKUIKSHANK, early experiments in elec-

trolysis, 216

CUBIE, M. and Mme., discovery of

radium, 307
CUBIE and DEWAB, heat evolution of

radium, 319 ; helium in radio-active

substances, 323
CUBIE and LABOBDE, emission of heat

by radium, 320

Current, dielectric, 57; electric, 93> 96,

105; absolute measure of, 107, 177;
magnetic force of, 105

; saturation,
289

Dark space, Crookes', 275; Faraday's,
276

DAVY, Sir HUMPHBY, heating effect of

current, 114
; early experiments in

electrolysis, 216-222; electric arc, 273

Declination, magnetic, 60, 61
;
table of

secular variation, 71

Declinometer, 68

DESAGULIEBS, conductors and insulators,

2, 3

Detector, electromagnetic, 203
DEWAB and CUBIE, heat evolution of

radium, 319 ;
helium in radio-active

substances, 323
DEWAB and FLEMING, specific resistances,

122
Dielectric constants, 28 ; table of 29

;

and optical indices, 179
Dielectric currents, 57
Dielectric medium, 49
Dielectric polarization, 193
Dilution law, 271

Dip circle, 69

Dip, magnetic, discovery of, 61

Dip, table of secular variation, 71

Displacement, electric, 55

Dissociation, theory of electrolytic, 265

DOLEZALEK, quadrant electrometer, 45
;

secondary cells, 253

Dropping electrodes, 260

DUDDELL, oscillograph, 158

DUFAY, vitreous and resinous electricity,
3

Dynamos, 165

Electric arc, 273
Electric capacity, 26
Electric charge on ions, 227
Electric conductivity and chemical

affinity, 270
Electric current, discovery of, 90

;
effects

of, 93 ; magnetic effects of, 96 ;
measure-

ment of, 107; heating effects of, 114,
131

Electric discharge through gases, 274 ;

critical pressure, 274
Electric displacement, 55
Electric endosmose, 264
Electric force or intensity, 23, 35; out-

side uniformly charged sphere, 34, 35
Electric induction, 8, 31
Electric oscillator, 199; oscillations,

162
Electric potential, 23
Electric quantity, 20
Electric resistance, 113
Electrical units, 171 et seq.

Electricity, early history of, 1
; fluid

theory of, 11; distribution of, on the
surface of a conductor, 27; conduc-
tion through gases, 273; corpuscular
theory of, 305

Electrochemical equivalents, 223

Electrodes, dropping, 260

Electrodynamometer, 181

Electrolysis, 215 et seq.; polarization,
218; ions in, 220; secondary action

in, 221

Electrolytes, conductivity of, 227 ; de-

termination of specific conductivity,
228

Electrolytic dissociation, 265

Electrolytic solution pressure, 252

Electromagnetic field, energy of, 208 ;

momentum in, 210

Electromagnetic induction, 146; mea-
surement of, 151

; coefficients of, 153

Electromagnetic machinery, 164

Electromagnetic waves, 56, 190 ; pro-
duced by Hertz, 200; theory of,

191

Electrometer, Lord Kelvin's absolute or

trap door, 40
; capillary, 257 ;

Doleza-

lek's, 45; quadrant, 44
Electromotive force, 111

; comparison
of, 129 ; absolute determination of,

187; of voltaic cell, 241

Electrons, see Ions and Corpuscles
Electrophorus, 9

Electroscope, gold-leaf, 19 ; Cavendish's,
19 ;

C. T. R. Wilson's, 283
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ELSTEE and GEITEL, ions from incan-

descent bodies, 302

Emanations, radio-active, 314; storage
of, 316

Endosmose, electric, 264

Energy, of electrified system, 41
;

in

dielectric medium, 54 ; of electro-

magnetic field, 208 ;
of radio-active

change, 320, 321

Entropy, of metallic circuit, 256

Equivalents, electrochemical, 223
;
table

of, 225

ERMAN, early experiments on electro-

lysis, 216

EWING, J. A., magnetic induction, 82
;

hysteresis, 83
;
measurement of, 85

;

theory of magnetization, 87
EWING and WALTER, electromagnetic

detector, 204
Excited radio-activity, 317

'

Farad,' value of unit, 188

FARADAY, MICHAEL, ice-pail. experiment,
21; dielectric constant, 28, 49; di-

electric strain, 50, 190; tubes of force,

50, 192, 206; dielectric polarization,
55, 56 ; galvanic current, 91

;
electro-

magnetic induction, 14; laws of in-

duction, 149
; electrolytic terminology,

217 ; electrolytic laws formulated by,
223

;
contact effect, 253

;
electric dis-

charge through gases, 274; dark

space, 276
FEDDERSEN, electric oscillations, 163

Film, gaseous, on metals, 255
FLEMING and DEWAR, specific resistances,

122

FRANKLIN, BENJAMIN, single fluid theory,
4; experiments, 5 et seq.; electricity
and lightning, 7, 273

Gaseous particles, charge on, 283; re-

combination of, 287, 291

Gases, discharge through, 273

GALVANI, animal electricity, 91
Galvanism, 90, 216

Galvanometers, 94, 107; d'Arsonval, 96;
tangent, 107; ballistic, 110

Gauss' Theorem, 31
GEITEL and ELSTER, ions from incan-

descent bodies, 302

GIBBS, WILLARD, electromotive force of

voltaic cell, 244

GIESEL, radio-activity, 318

GILBERT, Dr WILLIAM, 1
;
de Magnete,

61

GILL, reversible cells, 244

GLAZEBROOK, E. T., determination of
the ohm, 187

GLAZEBROOK and SKINNER, determina-

tion of absolute electromotive force,
187

GRAY, STEPHEN, conductors and insu-

lators, 2, 3

GRIFFITHS, E. H., platinum thermo-

metry, 126

GROTTHUS, experiments on electrolysis,
217

GUERICKE, OTTO VON, electric spark, 2,

273

HALLEY, origin of magnetic declination,
60, 61

HARRIS, Sir W. SNOW, heating effect of

current, 114; electric discharge through
gases, 274

HARTMANN, GEORG, discovery of dip, 61

HEAVISIDE, OLIVER, rational current ele-

ment, 102

Helium, in radio-active minerals, 323
HELMHOLTZ VON, Faraday lecture, 190;
"atoms" of electricity, 227; electro-

motive force of voltaic cell, 244;
potential differences, 257-8

'Henry,' value of unit, 189

HERTZ, electromagnetic waves, 199
HEYCOCK and NEVILLE, points of re-

calescence, 128
HISINGER and BERZELIUS, decomposition

of salts, 216

HITTORF, secondary action in electro-

lysis, 221; migration of ions, 234;
concentration cells, 251

HOLBORN and KOHLRAUSCH, electro-

chemical equivalents, 225

Hysteresis, magnetic measurement of,

83, 85

Images, electrical, 27
Incandescent wires, ions from, 302

Inductance, unit of, 189
Induction coils, 168

Induction, electric, discovery of, 8; total

normal, 31
; self, 157

Induction, magnetic, 73, 80

Intensity of magnetization, 74
Ions, in electrolysis, 220

;
value of charge

on, 227; migration of, 232; velocities

of, 235

Ions, gaseous, 283; mobility of, 291; as
condensation nuclei, 295 ; charge on,
297; mass of, 283; collision of, 294;
diffusion of, 297; from incandescent

bodies, 302; mass, ratio of, 327

JAHN, reversible cells, 244

JENKIN, STEWART and MAXWELL, abso-
lute unit of resistance, 183

JOULE, process of magnetization, 87;
thermal equivalent of current, 133
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'Joule,' value of unit, 188

KAUFMANN, deflection of ft particles, 326
KELVIN, Lord, electrical images, 27;

guard ring device, 38; quadrant
electrometer, 44; galvanometer, 94;
thermo-electric circuit, 135; absolute
measurement of current, 179 ; ratio of

units, 196; electromotive force of

voltaic cell, 245

KIRCHHOFF, principles of current flow,
117 ; absolute resistance of wire, 183

KOHLBAUSCH, specific conductivity of so-

lutions, 228, 231; mobility of ions, 235
KOHLRAUSCH and HOLBORN, electro-

chemical equivalents, 225
KOHLBAUSCH and WEBER, ratio of units,

195

LAPLACE, law of inverse squares, 17

LABMOB, radiation pressure, 212; elec-

trons, 325
LATIMEB CLABK, standard cell, 130

LEBEDEF, radiation pressure, 212
LE BLANC, electromotive force of po-

larization, 218

LENABD, mass of gaseous ions, 300

LENZ, law of least action, 148
LE Eoux, absence of Thomson effect in

lead, 140

Leyden Jar, invention of, 3
;
Franklin's

experiments with, 5

Lightning, nature of, 6, 114
Lines of force, 50 et seq.

LIPPMANN, capillary electrometer, 257,
260

LODGE, Sir OLIVEB, coherer for wireless

telegraphy, 203; measurement of

ionic velocity, 238

LOBENZ, determination of ohm, 185

LORENTZ, electrons, 325

Magnetic force, definition of, 74; laws

of, 77; in magnetic shell, 97; inside

a solenoid, 100
; due to a current, 101

;

due to movement of electrostatic

charges, 212

Magnetic induction, 73, 80

Magnetic permeability, 85

Magnetic potential, 67, 98

Magnetic saturation, 82, 83

Magnetic shell, 97

Magnetic susceptibility, 74

Magnetism, early history of, 60; princi-

pal phenomena of, 61
; terrestrial, 68

;

effect of temperature on, 74 ;
theories

of, 86

Magnetometer, 66

Magnets, permanent and occasional, 62 ;

interaction of, 66

MARCONI, electromagnetic detector, 204

MAXWELL, J. CLERK, law of inverse

squares, 20; electric displacement,
55, 56; electromagnetic waves 56;
energy of electromagnetic system, 190;
ratio of units, 196 ; radiation pressure,
212

MAXWELL, JENKIN and STEWART, absolute
unit of resistance, 183

MENDELEEFF, periodic law, 326

MICHELL, Eev. JOHN, torsion balance,
13

Migration of ions, 232

Mobility, ionic, 235, 291
Momentum in electromagnetic field, 210

Motors, 165

MUSCHENBBOECH, Leyden Jar, 3

Negative glow, 276

NEBNST, electromotive force of concen-
tration cells, 250, 251

NEUMANN, laws of induction, 149 ; single

potential. differences, 261, 262
NEVILLE and HEYCOCK, points of re-

calescence, 128

NEWTON, Sir ISAAC, inverse square law,
16, 49; corpuscles, 300

NICHOLSON and CABLISLE, electrolytic de-

composition of water, 215

NOBMAN, KOBEBT, rediscovery of the dip,
61

Nuclei, condensation, 295

OBEBBECK, electromotive force of polari-
zation, 218

OEBSTED, magnetic effect of electric

current, 93

OHM, current and electromotive force,
113

'Ohm,' value of unit, 187

Optical indices and dielectric constants,
197

OBME-MASSON, ionic velocities, 239

Oscillations, electric, 162

Oscillator, electric, 199

Oscillograph, 158
Osmotic pressure, 247, 251, 267

OSTWALD, electromotive force of concen-
tration cell, 251

; dilution law, 271

PASCHEN, sparking potential, 275

PELTIEB, heat effect at circuit junctions,
134

Peltier effect, 255
Periodic law, 326

Permeability, magnetic, 85
PEBBY and AYBTON, ratio of units, 196 ;

contact effect, 254

Pitchblende, radium found in, 307
Platinum thermometer, 124
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Polarization, dielectric, 55, 193 ; in

electrolysis, 218

Polonium, discovery of, 308
Potential differences, 256, 261

Potential, electric, 23

Potential, magnetic, 67

Potential, sparking, 275, 276

Potentiometer, 130

Pressure, electrolytic solution, 252

Pressure, osmotic, 247, 251, 267

QUINCKE, electric endosmose, 264

Radiation pressure, 211

Eadiations, a, j8, and 7 classification

of, 309
Eadio-active change, 311
Radio-active emanations, 314

Radio-activity, 307; theories of, 320

Radio-activity, excited, 317

Radio-micrometer, 145

Radium, discovery of, 308; emanation
of, 314

;
emission of heat by, 320

RAMSAY, Sir WILLIAM, and F. SODDY,
helium from radium emanation, 323

Rational current element, 102

RAYLEIGH, Lord, and Mrs SIDGWICK,
absolute measurement of current, 180

;

determination of ohm, 185

Rays, a, /8, and 7, 309

Rays, cathode, 276, 279

Rays, Rontgen, 277

Recalescence, points of, 128

Recorder, Calendar's, 126

Resistance, electric, 113, 114 ; comparison
of, 117 ; specific, 122

; determination
of absolute, 183; or conductivity of

electrolytes, 228

Resonator, 202
Reversible cells, 241

RICHARDSON, O. W., ions from incan-
descent bodies, 302

RIVE, DE LA, anti SARASIN, electro-

magnetic wave-lengths, 202

RONTGEN, discovery of rays, 276, 277

ROTHMUND, potential differences, 259
ROWLAND, magnetic force due to electro-

static charge, 213

RDHMKORFF, induction coil, 168

RUTHERFORD, recombination of gaseous
ions, 286

;
ionic mobilities of gases,

292; varieties of radiation, 309;
radio-active emanations, 314

RUTHERFORD and SODDY, thorium-X,
311

; measurement of stored emana-
tion, 316; theory of radio-activity, 320

SARASIN and DE LA RIVE, electromagnetic
wave-lengths, 202

Saturation current, 289

Saturation, magnetic, 82
SEARLE and J. J. THOMSON, ratio of

units, 196

Secondary cells, 252

SEEBECK, heat effect at junctions of

circuits, 134

Self-induction, 157

SIDGWICK, Mrs, and Lord RAYLEIGH,
absolute measurement of current,
180

;
determination of ohm, 185

SKINNER and GLAZEBROOK, determina-
tion of absolute electromotive force, 187

SODDY, F., origin of radium, 322
SODDY and RUTHERFORD, thorium-X,

311
;
measurement ofstored emanation,

316; theory of radio-activity, 320
Solution pressure, 252

Solutions, colloidal, 271

Sparking potential, 276

Specific conductivity of electrolytes, 223

Specific ionic mobilities, 237

Specific resistance, 122, 123

SPIERS, contact potential, 255
Standard coils, 115

STEELE, B. D., ionic velocities, 239

STOKES, Sir GEORGE, nature of Rontgen
rays, 278; velocity of falling spheres,
296

STRUTT, Hon. R. J., minimum sparking
potential, 276 ;

nature of a rays, 310

Susceptibility, magnetic, 74

Tangent galvanometer, 108

Telegraphy, wireless, 203

Thermodynamics, applied to electric

circuit, 135
Thermo-electric couple, 143
Thermo-electric diagrams, 140

Thermo-electricity, 134

Thermometer, platinum, 124

Thermopile, 144
Thomson effect, 255

THOMSON, J. J., corpuscles, 88; discharge
from Leyden jar, 163

; specific inductive

capacity of glass, 198; electrostatic

tubes of force, 213
; origin of Rontgen

rays, 278 ; origin of cathode rays,
279 ;

nature of gaseous ions, 325 ;

structure of atom, 326; electric mass,
327

THOMSON and SEARLE, ratio of units,
196

Thorium, radio-activity of, 312 ; emana-
tion from, 312

Torpedo fish, shocks due to, 8

Torsion balance, 13

TOWNSEND, spark discharge, 289 ; diffu-

sion of ions, 297

Transformers, 168

Transport numbers, 232, 235



334 ELECTRICITY

Tubes of force, suggested by Faraday,
50 ; electrostatic, 213

;
motion of,

305, 327

Units, international, 188; ratio of

electrostatic and electromagnetic, 195

Uranium, radio-activity of, 307

VAN LAAB, determination of potential
differences, 260

'Volt,' value of unit, 188

VOLTA, electrophorus of, 9; invention

of pile, 91 ; early experiments on

electrolysis, 216, 217
;
contact effect,

253
;
determination of potential differ-

ences, 260
Voltaic cell, discovery of, 91 ; electro-

motive force of, 239, 244

Voltameter, silver, 224

Voltmeter, electrostatic, 48
; Cardew's,

133

WALTER and EWING, electromagnetic
detector, 204

WATSON, Sir WILLIAM, Leyden jar, 3
;

velocity of electrical propagation, 4

'Watt,' value of unit, 182

WEBER, theory of magnetization, 87 :

electro-dynamometer, 181
WEBER and KOHLRAUSCH, ratio of units,

195

WEHNELDT, electrolytic interruptor for

induction coil, 169
Weston cell, 130
WHEATSTONE and CHRISTIE, comparison

of resistances, 117

WHETHAM, W. C. D., measurement of

ionic velocities, 238
; valency and

coagulation, 271 ; origin of radium,
322

WILSON, C. T. K., gold-leaf electro-

scope, 283 ; condensation nuclei, 295

WILSON, H. A., ions from incandescent

bodies, 302
Wimshurst's machine, 10
Wireless telegraphy, 203

WOLLASTON, early experiments on elec-

trolysis, 216

X compounds, 312
X rays, 277

ZEEMAN, doubling of spectral lines, 325

ZELENY, ionic mobilities of gases, 292
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Physical Review.

" Marked ability has been shewn in the development of the subject of

Statics in the present volume. ...The collected examples for students'

exercises are excellent." Glasgow Herald.
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