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PART III.

On Electro Magnetism.

SECTION I.

SKETCH OF THE PRESENT STATE OF ELECTRO

- MAGNETISM. -

230. IT was for many years suspected that there

existed a strong analogy, if not a complete identity,

between the electric and magnetic fluids, and va

rious attempts were made to establish such relation

on satisfactory principles. It was known, for

instance, that lightning destroyed and reversed

the polarity of magnetized needles, and that it

produced a magnetic power in pieces of steel which

had not before any such action. Now lightning

and electricity have been long known to be identi

cal; consequently, electricity ought to produce

similar effects to lightning on magnetic and

simple steel bars; but the attempts which were

made to discover a satisfactory proof of this action

by means of the electric apparatus Were not at

tended with success; at least all that was effected

in this way amounted only to communicating the
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magnetic property to steel bars, but without the

experimenter being able to predict in what direc

tions the poles would lie, and therefore was little

more than might be produced by a blow, by twist

ing, and various other means. It was indeed

stated that the magnetism was more fully developed

when the shock was passed through the needle

transversely, than when it passed lengthwise; but

still no definite conclusions could be drawn from

the experiments.

231. Philosophers having thus failed of tracing

the analogy between the electric and magnetic

fluids, by means of the electrical apparatus, had

next recourse to the Galvanic battery, which was

known to possess electrical properties. Of these

experiments those of Ritter are the only ones of

any importance. He stated that he had succeeded,

by placing a Louis d'or in contact with the extre

mities of a galvanic circuit, in giving to it a positive

and negative electric pole, which remained after

it had been in contact with other metals; he also

magnetised a gold needle by means of the galvanic

battery, and seems to have had some obscure ideas

of electric terrestrial poles at right angles to the

magnetic poles. These experiments, however,

were never much-regarded, and the relation be

tween the two fluids seemed still to remain doubt

ful.

232. Soon after the time that Ritter made his
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experiments, Professor OErsted, of Copenhagen,

published a work in which some hints are thrown

out respecting the analogy between the electric,

galvanic, and magnetic fluids; which were sup

posed to differ from each other only in their degree

of tension. The galvanic fluid is there conceived

to be more latent than the electric, and the mag

netic still more so than the galvanic. The science,

however, made no farther progress from this time

(1807) till the year 1820, when the same learned

Dane succeeded in establishing the reciprocal

action of the galvanic and magnetic fluids upon

each other by the most satisfactory experiments.

These have been since repeated, and much ex

tended by Ampere, Biot, Arago, in France; by Sir

H. Davy, Professor Cummings, and Mr. Faraday,

in England, and have thus led to the establish

ment of a new branch of philosophy designated

electro-magnetism, of which it is proposed to give

a concise view in the following pages.

233. OErsted's experiments.—As these leading

experiments are very concisely and clearly stated

by the author, we shall give them in his own

words.

The galvanic machine being charged, and its

poles connected by a wire of any metal (which

may be called the conductor or uniting wire), the

following effects will be noticed:

“Let the straight part of this wire be placed
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horizontally above the magnetic needle properly

suspended, and parallel to it. If necessary, the

uniting wire is bent so as to assume a proper

position for the experiment. Things being in this

state the needle will be moved, and the end of it

next the negative side of the battery will go west

ward. _

“ If the distance of the uniting wire does not

exceed three quarters of an inch from the needle,

the declination of the needle makes an angle of

about 45°. If the distance is increased, the angle

diminishes proportionally. The declination like

wise varies with the power of the battery.

“ The uniting wire may change its place, either

towards the east or west, provided it continue

parallel to the needle, without any other change of

the effect than in respect to its quantity. Hence

the effect cannot be ascribed to attraction ; for the

same pole of the magnetic needle which approaches

the uniting wire, while placed on its east side,

ought to recede from it when on the west side, if

these declinations depended on attraction and

repulsions. The uniting conductor may consist

of several wires or metallic ribbons connected

together. The nature of the metal does not alter

the effect, but merely the quantity. Wires of

platinum, gold, silver, brass, iron, ribbons of lead

and tin, a ma.ss of mercury,-were employed with

equal success. The conductor does not lose its
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effect though interrupted by water, unless the

interruption amounts to several inches in length.

“The effect of the uniting wire passes to the

needle through glass, metals, wood, water, resin,

stone ware, stones, for it is not taken away by

interposing plates of glass, metal, or wood. Even

glass, metal, and wood, interposed at once, do not

destroy, and indeed scarcely diminish the effect.

The disc of the electrophorus, plates of porphyry,

a stone-ware vessel, even filled with water, were

interposed with the same result. We found the

effects unchanged when the needle was included

in a brass box filled with water. It is needless to

observe that the transmission of effects through all

these matters has never before been observed in

electricity and galvanism. If the uniting wire be

placed in a horizontal plane under the magnetic

needle, all the effects are the same as when it is

above the needle, only they are in opposite direc

tions; for the pole of the magnetic needle next the

negative end of the battery declines to the east."

“That these facts may be more easily retained,

we may use this formula,—the pole above which

the negative electricity enters is turned to the west;

under which, to the east.

“If the uniting wire be so turned in a horizontal

plane as to form a gradually increasing angle with

the magnetic meridian, the declination of the

needle increases, if the motion of the wire be

Q.
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towards the place of the disturbed needle ; but it

diminishes if the wire moves further from that

place.

“ When the uniting wire is situated in the same

horizontal plane in which the needle moves, and

parallel to it, no declination is produced either to

the east or west; but an 'inclination takes place,

so that the pole next which the _negative electricity

enters the wire is depressed when the wire is

situated on the west side, and elevated when situ

ated on the east side.

“ If the uniting wire be placed perpendicularly

to the plane of the magnetic meridian, whether

above or below it, the needle remains at rest, un

less it be very near the pole; in that case the pole

is eleizated when the entrance is from the west

side of the wire, and depressed when from the east

side.

“ When the uniting wire is placed perpendicularly

opposite to the pole of the magnetic needle, and

the upper extremity of the wire receives the nega

tive electricity, the pole is moved towards the east;

but when the wire is opposite to a point between

the pole and the middle of the needle, the pole is

moved towards the west. When the upper end

of the wire receives positive electricity, the pheno

mena are reversed.

“ If the uniting wire be bent so as to form two

legs parallel to each other, it repels or attracts the
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magnetic poles according to the different conditions

of the case. Suppose the wire placed opposite to

either pole of the needle, so that the plane of the

parallel legs is perpendicular to the magnetic

meridian, and let the eastern leg be united with

the negative end, the western leg with the positive

end of the battery, and in that case the nearest pole

will be repelled either to the east or west, accord

ing to the position of the plane of the leg. The

eastmost leg being united with the positive, and

westward with the negative side of the battery, the

nearest pole will be attracted. When the plane
of the legs is placed perpendicular to the place i

between the pole and the middle of the needle, the

same effects recur, but reversed.

“ A brass needle, suspended like a magnetic

needle, is not moved by the effect of the uniting

wire. Needles of glass and of gum lac, remain

likewise quiescent.”

233. These facts having laid the foundation of

the present interesting science of electro mag

netism, I have thought it best to give the state

ment in the author’s own words; but in what

follows, it will be necessary to be more concise.

The experiments of Mr. (Ersted were no sooner

promulgated, than theywere repeated and considera

bly extended by M. Ampere, Arago, and Biot ;

by Sir H. Davy, Mr. Faraday, and Professor Cum

mings, as well as by several celebrated German

0. 2
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philosophers; and many curious and interesting

facts and phenomenas were thus elicited.

234. M. Ampere, for instance, discovered that

not only there is a reciprocal action between the

galvanic wire and the magnetic needle, but that

two such wires act upon each other, by attraction,

when they both proceed from the same extremity

of the battery, and by repulsion when they proceed

from opposite extremities; that is, two conducting

wires, free to move, being placed parallel to each

other, and the corresponding extremities proceed

ing to the like poles of two different galvanic

machines, the wires will be attracted to each other;

but if the corresponding extremities of the wire

proceed from contrary poles of the batteries, then

the wires will indicate a mutual repulsion between

them.

235. Again, it was shown by M. Arago that the

connecting wire of a galvanic battery had an obvi

ous action upon iron filings, and that it would hold

them suspended like an artificial magnet, but that

they fell the moment the contact with the battery

was broken. The same thing was discovered by

Sir H. Davy, who also showed that the filings on

the opposite sides of two parallel wires attracted

each other, and that those on the same sides

repelled.

236. The latter experiments naturally led to an

attempt to magnetize steel wires by the galvanic
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battery, in which the first successful attempt was

made by Sir H. Davy, although it was effected at

nearly the same time by M. Arago. In the first

instance the needle was simply laid transverse of

the single wire, and the operation required a

certain time; but M. Arago afterwards made use

of a spiral wire, and was thus enabled to produce

the maximum effect almost instantaneously. Sir

H. Davy also succeeded in magnetizing steel

needles with the electrical battery at very consi

derable distances, and thus demonstrated that the

magnetic power was not peculiar to the galvanic

apparatus.

237. The next question was, since there is so

obvious a connection between the freely suspended

galvanic wire and a magnet, has the former a

directive quality from the influence of the terrestrial

magnetism?

This led M. Ampere to the construction of a

simple apparatus, which will be described in a sub

sequent section, and by which he proved that if

a part of the galvanic wire, bent into the form of

a rectangle nearly shut, and free to move, be left

to the action of the terrestrial magnetism, it will

adjust its plane to one perpendicular to the mag

netic meridian, and that by giving to a similarly

formed wire a freedom of motion on a horizontal

axis, it will conform itself to that plane which in

our first part has been called the plane of no at
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traction; that is, the plane of the wire will in all

cases have a tendency to place itself at right angles

with the plane of the magnetic meridian, and to

the line of direction of the dipping needle.

These experiments are more fully illustrated in

our last section.

238. At this stage of the enquiry Mr. Faraday,

of the Royal Institution, commenced his enquiries.

He proved that the action which had hitherto been

noticed between the magnetic and the galvanic

wire, was neither attraction nor repulsion, but was

of such a nature as to give to the magnetic needle

a tendency to revolve about the wire, and he at

length succeeded in producing this rotation; viz.

he was enabled by a very simple apparatus, which

we have described in our third section, to cause

either pole of a magnet to revolve about a fixed

galvanic wire, and conversely, by fixing the magnet,

he caused the wire to revolve about the former,

and by the same apparatus also, the wire and

magnet being both free, may be made to revolve

about each other; and he subsequently was en

abled to produce a rotation of the wire by the mere

influence of the terrestrial magnetism upon it.

These beautiful experiments threw an entire new

light upon the science of electro magnetism.

239. M. Ampere having been informed of Mr.

Faraday's experiments, succeeded in causing the

magnet to revolve on its own axis, by introducing
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it as a part of the galvanic circuit; an experiment

attempted by Mr. Faraday, but which he had not

been able to perform; and Sir H. Davy by his

experiments on the mercurial vortices, proved also

the rotation of the wire on its axis, which is effected

in another manner in our 10th experiment. See

section iii.

240. Such was the state of this science when

I undertook the experiments reported in the fol

lowing section, and by which, if I have not deceived

myself, the whole of the apparently anomalous

actions hitherto observed, may not only be ex

plained, as to the general effects, but the disturb

ance on the needle computed for any determinate

position of the compass and wire, in a manner

very similar, but more simple, than that which has

been illustrated in reference to the iron ball and

magnetic needle.

It may be proper to observe that several experi

ments, besides those alluded to above, had already

been made by other philosophers, and which led

to many curious facts, but as they do not appear

to have had any influence in advancing the theory

of the science they have not been referred to in

the preceding sketch; but some of them are given

in our third section.
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SECTION 11._

on THE MATHEMATICAL LAWS or ELECTRO

MAGNI.:T1sM.*

241. ALL the experiments that have been made-

on the subject of electro magnetism, since the first

discovery of that power by Mr. (Ersted, seem to

indicate a strong afiinity, although not a complete

identity, between the simply magnetic and the

electro magnetic fluids ; or, if the identity be ad

mitted, still a certain difference must be conceived

to have place in the modes of action. “

In the preceding parts of this work I have at

tempted to reduce the laws of induced magnetism

to mathematical principles, and to render the results

susceptible of numerical computation, the mass

of iron, and its position with respect to the com

pass, being given ; and as soon as I heard of Mr.

(Ersted’s discovery, I was desirous to establish, on

similar principles, the law of electro magnetism ;

but it was some time before I was able to construct

an apparatus convenient for the purpose. Having,

_ however, at length effected this necessary prelimi

* The substance of this section was placed in the hands

of Sir H. Davy by Major Colby, last March, and was read

before the Royal Society, May 23. I am sorry I have been

obliged to publish it before the council has decided respecting

its appearance in the Transactions. '
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nary to my satisfaction, I proceeded to make the

course of experiments, and to undertake the inves

tigations which form the subject of the present

section.

242. My first object was to repeat very carefully

all the experiments of Mr. CErsted, M. M. Ampere,

and Arago; of Sir H. Davy and Mr. Faraday, with

some others suggested by the results thus obtained;

and having attentively considered all the peculi

arities of action thus developed, I was led to con

sider that all the apparently anomalous effects

produced on a magnetized needle by the action of

a galvanic wire, might be explained by the ad

mission of one simple principle; viz. that every

particle of the galvanic fluid in the conducting

wire acts on every particle of the magnetic fluid

in a magnetized needle, with a force varying in

versely as the square of the distance; but that the

action of the particles of the fluid in the wire is

neither to attract nor to repel either poles of a

magnetic particle, but a tangential force which

has a tendency to place the poles of either fluids

at right angles to those of the other; whereby a

magnetic particle, supposing it under the influence

of the wire only, would always place itself at

right angles to the line let fall from it perpen

dicular to the wire, and to the direction of the

wire itself at that point.

I pretend not to illustrate the mechanical princi
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ples by which such an action can be produced; I

propose only to show, that if such a force be ad

mitted, all the results obtained from the reciprocal

action of a galvanic wire and a magnetized needle

may not only be explained, but computed, and that

the results agree numerically with experiments.

243. The galvanic machine which I have em

ployed, is constructed after the principle of Dr.

Hare's colorimoter, differing from his only in the

mechanical contrivance for lowering and raising it

out of the fluid; it consists of 20 zinc and 20

copper plates, each ten inches square; but it

possesses a power far beyond what is requisite for

repeating all the experiments alluded to in the

commencement of this paper.

244. That part of the apparatus which pecu

liarly appertains to the experiments I am about to

detail, is represented in (fig. 1. pl. 4). A B is an

upright stand, placed near the poles of the battery;

a b, c d, are two staples of stout copper wire, driven

into the upright, the two ends at b and c passing

quite through, as shown at C and Z; and on

which two wires are fastened by spiral turns, and

with which the communication is made with the

poles of the battery; ef, gh, are two copper wires

of the same dimension as the staples, each four

feet long, having their ends flattened and drilled

so as just to enable them to slide freely upon the

wires a b, c d, and the vertical wire f h, also 4 feet
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in length, which passes through a hole in the top

of the table F G H I, and so tight as to render it

perfectly fixed. On the plane of the table, which

is two feet in square, the circle N E S W is de

scribed about the centre 0, and divided into the

points of the compass and smaller divisions ; N S,

is an index or box ruler, through which the wire

fh passes, so that the former may be turned freely

about the latter, and set to any proposed azimuth.

On this ruler is placed the small compass c’, by

means of which the deviation at any time may be

taken; c" is another compass placed on the top of

the support L c”, and is intended to remain fixed

in its place, in order to serve as a standard for

estimating and comparing the power of the battery

at different times.

For the principal experiments this apparatus is

placed so that the plane of the rectangle of wires

is perpendicular to the magnetic meridian ; because

in this position the horizontal wires being east and

west, they have no effect in deflection the needle

from its direction, (at least there is only one ex- .

ception to this, which will be noticed hereafter,)

and consequently all the effect produced upon the

needle during the rotation of the index in the

circle N E S W, is due to the vertical wire only,

except so far as the horizontal wires may increase

or diminish the directive power of the needle.
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This, however, in the cases to which we shall refer

is very inconsiderable.

245. But in order that we may know precisely

what part of the change of deviation between one

situation of the compass and another is actually

due to that change of position, recourse must be

had to the standard compass, which, always re

maining fixed in its position, may be used as a

constant indicator of the strength of the battery.

But as the application of this measure to compu

tation is involved in principles not at present ex

plained, it will be proper first to inform the reader

of the means which I employ in the first instance

to preserve an uniformity of action during every

separate course of experiments. These were as

follow:—

246. The vessel which contains the dilute acid,

into which the plates are immersed, holds nearly

twenty gallons; and I begin the experiments with

little more than twelve gallons; moreover the

plates are not, in the first instance, let down to

their lowest point. The intensity shown by the

standard compass after the connection has been

made, some minutes is noted; and by breaking

off and making the contact anew, this same in

tensity occurs again, the power being always

strongest when the contact is first made; then

when the standard compass returns to its former
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bearing, the observation with the other compass is

taken; the contact broken, and renewed, and so

on as long as the battery retains sufiicient power.

When this fails, the plates are lowered a little

more, the power thus increased, and the observa

tions resumed, till at length the plates being wholly

down, and the power too weak, recourse is had to

a supply of more dilute acid; by which means a

tolerably steady action is kept up longer than is

necessary for any series of experiments of this kind.

It will be observed here, that in this case the only

use made of ‘the standard compass is to indicate

the same intensity of action, and consequently

involves no theoretical principle that will be ob

jected to by the most scrupulous theorist or

observer, but it will be seen in a subsequent article

that this indicator is susceptible of a more extensive

application. .

247. Having thus made the reader acquainted

with the means employed and the precautions

adopted, to ensure accuracy, I shall proceed now

to explain the principles of computation, and to

compare the numerical results thus obtained, with

those derived from experiments.

According to the hypothesis (art. 242) if we

conceive the wire in the first instance to be verti

cal, and the compass placed to the north or south

of it, and opposite its middle point,. the centre of
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action will lie in the horizontal plane, and at right.

angles to the natural horizontal direction of the

needle. The latter, therefore, (which for simplicity

sake we shall at present consider as indefinitely

short with regard to the distance), will at either of

those points, be acted upon by two rectangular

forces ; viz. the galvanic force in an east and west

direction, and which we may denote byf; and the

natural magnetic or directive force m; consequently,

according to the principle of forces, the resultant

will be expressed by ~/ (f*1 + m’) and the angle

which it makes with the natural direction of the

needle, being called A, we shall have

Hence the magnetic force being constant, the

tangent if the needle’s deviation at the north or

south will. be a correct measure of the galvanic

power. l

248. We have thus a principle by means of

which we may verify a part at least of our theory by

experiments.

For example; since by the supposition every

particle of the galvanic vertical wire acts inversely

as the square of its distance from a given point,

we ought to find a determined relation between

the tangent of deviation, and the length of the

wire ; or the length of the wire remaining constant,
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between the tangent of deviation and the distance,

provided always that the intensity of the battery

remain constant.

The apparatus already explained furnishes us

with the opportunity of making both these compa

risons. For by means of the sliding horizontal

rods, the vertical conducting part of the wire may

be shortened in an instant; and in the second

case, it is only necessary to slide up the compass

to different distances, which may likewise be done

so quickly, that it will not be necessary even to

have recourse to the standard compass.

It is fortunate also that the calculation here

alluded to is of the simplest kind. For denoting

the length of the wire by 2 l, and the distance of

the compass by d'; assuming also v as any variable

length, the corresponding elementary action at this

distance will be – r_, and the sum of these actions
• d” + x2

will be -

1 . ar
Jr. - - -J'H' T d arC. tan d

which vanishes when v vanishes; and which there

fore when x = l, and the two lengths are included,

becomes

2 l

- arc. tan -

T arc d

consequently if we denote the deviation, as we have

done above by A, we ought to find this force vary

inversely as tan A, or

+
d

cot A | # al'C. tan | = a constant quantity.

- i
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The following are a few out of numerous experi

ments of this kind which I have made, and which

have been all found equally satisfactory.

249. Experiments to determine the magnetic

deviation caused by a galvanic vertical wire

at different distances. Length of vertical

wire 36 inches.

Value of

Deviation Distance of thel Mean" 2 l | "Constant

by standard other compass observed - arc. tan - product.

compass. from the wire. deviation. d d A cotA

A := A

Q * • o *

25 0 | 12 inches || 5 37 1877.2 19088O

Ditto 8 ditto 11 15 34 100 171432

Ditto 6 ditto 16 30 47.712 16]O62

Ditto 4 ditto 26 30 77.500 15444O

Mean 164728

250. When it is considered that these observa

tions were made on a compass needle only one inch

in length, and that the divisions extended only to

quarter points, it is impossible to expect a closer

approximation. The needle and card, however,

being delicately suspended, and the latter very

distinctly divided, I could depend upon my obser

vations to the nearest degree; for by means of a

strong magnifying power I could always bisect

and trisect the quarter points without any very

sensible error. -

* That is, the mean of two observations at each station of

the compass; the contact being changed. The same is to

be understood of the deviation with the standard compass.
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- EXPERIMENTS

251. To determine the magnetic deviation caused

by a vertical galvanic wire; the length being

varied, but the distance constantly 9 inches.

Value of

Deviation Observed 2 l Constant

by standard I ength of deviation. - arc.tan - product.

compass. vertical wire. I = A || d d A cot A

O * I'

–* | 36 inches 22 30 63.450 15318

- 24 ditto 18 16 53- 133 16097

- 16 ditto 12 O 41-633 19557

- 12 ditto 8 25 33'683 227.64

Mean 18220

252. These results (except the last) although

not so uniform as the above will be found, not

withstanding as nearly so as we have any reason to

expect, particularly as we were not able in these

to avail ourselves of the use of the standard

compass.

I am, however, inclined to attribute the discre

pance between the observed deviation and the com

puted, as the vertical wire shortens, to the approach

*The standard compass cannot be used in these experi

ments, because the wire by which it is deflected is neces

sarily shortened with that on which the observations are

made.
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of the horizontal wire, which has a tendency to

increase or decrease the directive power of the

needle, according to the pole with which the wire

is connected, (as will be seen as we proceed) and

thereby rendering the action of the vertical wire

more or less effective, according to the circum

stances of the connection. (See art. 262.)

253. Having thus far versified our hypothesis by

experiment, let us now proceed to the consideration

of the deviation in different azimuths. -

Let Z (fig. 2.) represent the horizontal section

of a vertical wire proceeding from the zinc end

of the battery downwards, o a particle of the mag

netic fluid whose natural direction is in n s, join

Z o, and draw r t, perpendicular to Z o, then,

according to the hypothesis, the direction of the

force excited by the wire Z, will be in the line r t.

Now the intensity of this force to turn the par

ticle about 0, will vary as sin Z to n, or as cos

SZ 0, and its intensity in the line n s, will vary

as sin SZ 0, which latter force will be additive to

the directive power of the terrestrial magnetism.

Let the latter force on the horizontal needle be

called m, and the galvanic force in r t = f; also

the angle S Z o = b, S being the south point of

the horizon. -

Then the particle o, will be urged by the two

rectangular forces. -
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m + f sin b in the direction n s

J cos ? in the direction perpendicular to n s,

consequently, denoting the angle of the resultant,

or the deviation of the particle from the line n s

by 3, we shall have from the known principle of

forces

f cos qi

m +f sin (p

Let A denote the deviation of the needle at the

south point; then, from what has been already

demonstrated (equation i)

f= m tan A

which being substituted for fin the above equation,

reduces it immediately to

tan 8 =
- - - - - - - - - - - - (2)

cos ?)

cot A + sin p

From which equation (the deviation A being sup

posed known) the deviation 8 at every other azimuth

may be computed.

254. This formula is as comprehensive as it is

simple, and indicates by the changes of the signs

in sin 9 and cos ?, a variety of eases, the whole of

which I have most satisfactorily confirmed by ex

periments. These may be stated as follow:

First, cot A may be greater, equal to, or less

than unity, accordingly as the observed deviation

at the south, is less, equal to, or greater than four

points, or 45°. This consideration leads to three

distinct cases.

tan 8 =
- - - - - - - - - - - - (3)
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CASE I. when cot A 7 l.

Here the denominator of the formula is neces

sarily positive throughout the circle. In the first

quadrant of which, sin b, and cos q, being both

positive, tan 3 is also positive, and the deviation is

all one way.

2. When b = 90°, cos b = 0; and tan 8 = 0;

there is therefore no deviation at the east point.

3. In the second quadrant, cos ? is negative,

as is also tan 8; the deviation is therefore now the

contrary way, but it is the same in quantity in all

equidistant situations north or south of the east.

4. At the north point, sin b = 0, cos q = - 1,

and we have

tan 8 = - tan A

the deviation is therefore the same as at the south,

but in an opposite direction.

5. In the third quadrant, cos p is still negative,

as in the second, but sin q is also negative, and

therefore the deviation although of the same kind

in direction as in the second quadrant, is greater in

its amount, the denominator being less.

6. At the west, the cos q vanishes, tan 8 be

comes zero, and the needle again resumes its

natural direction.

7. In the fourth quadrant, cos p again becomes

positive, the deviation changes in its quality, but

is the same in quantity as in the third quadrant.



ELECTRO MAGNETISM. 245

CASE II, when cot A = 1.

8. Here the results are precisely the same in

the four quadrants with respect to direction, as in

those above explained; except that at the west

point, where sin p and cot A, being each equal

to unity, and with contrary signs, the denomi

nator vanishes with the numerator, and the needle

is indifferent to any direction.

CASE III. when cot A 4 l.

9. Here in the first two quadrants the deviation

has the same character as in the preceding cases.

But in the third quadrant, the denominator of the

fraction vanishes before the needle reaches the

west point, tan 8 becomes infinite, and the deviation

is 90°; that is, the needle will stand east and west.

10. For the remainder of this quadrant, tan 8 is

plus, and the character of the deviation changes,

till at the west point the needle is found inverted.

ll. From this point cos ? becomes positive, but

the denominator being negative, tan 8 is negative,

and remains so till it becomes infinitely negative,

as on the other side of the west, and the deviation

is 270°. -

12. Lastly, from this point to the south, the

denominator is positive, and tan 8 has the same

sign as at first, and at the south point resumes its

original deviation, provided the intensity of the

battery has been preserved constant.
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255. To illustrate this last case by an example,

let us suppose that the deviation at the south point

is greater than 45°, as for instance 50°, then since

cotan 50° = 0.83909, and sin (180° +57° 2') =

– 0.83914; the denominator will vanish when the

compass is placed 57° from the north towards the

west; the tan 8 is therefore infinite, or the needle

will at this place stand east and west.

Proceeding on towards the west, the deviation

will increase more and more till, at the west point

itself, the needle will be found inverted. At 57°

from the south, or 33° from the west towards the

south, the denominator again vanishes, and the

needle stands west and east; from which position

the deviation decreases till it becomes 50° again at

the south point as at first.

Hence it appears that in passing the index which

carries the compass from the position west 33° N

to west 33° S, that is through 66° only, the needle

ought to make a complete semi-revolution on its

pivot; whereas if we pass the index the other way,

viz. through the north, east and south, we must

move it through 294° to produce the same motion

in the needle. A single trial will show how cor

rectly this theoretical deduction accords with ex

periment.

256. In the above case the needle makes a com

plete revolution on its pivot while it is carried round

the wire; but this will not happen if the deviation
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at the south be less than 45°. Let us, for example,

suppose it to be 40°; then cotan 40° = 1. 19175,

and sin h is never greater than + 1, or less than

– l ; consequently, the denominator will not be

come zero. In this case the deviation will be the

greatest when

cos ?) • -

£TOTT, is a maximum,

which happens when sin p = – tan 40, viz. at

33° from the west towards the north and south;

but in passing the index through this arc, the north

point of the needle will not, as in the former in

stance, pass through the south, but will fall back

towards the north, passing through it as the index

passes through the west. Here again the theory

is most satisfactorily confirmed by observation.

As any one may repeat these experiments, and

make his own remarks, I shall not insist farther

upon them in this place.

It is proper, however, to caution the reader that

to ensure success, it is necessary to have a short

needle, and to work at as great a distance from the

wire as the power of the battery will allow of;

because the above deductions have been made by

supposing the length of the needle inconsiderable

in comparison with the distance and length of the

wire.

257. The following is one series of numerical

results derived from the preceding formula, with

the corresponding observations.
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EXPERIMENTS

On the deviation of the needle caused by a vertical galvani

wire at different azimuths, the deviation at the south poi

being 16° 30', and the standard compass showing alwa

25°.

Value of - The same:

Azimuths. tan 6 = cos ?) *: Observed :#
T cot. A + sin qi deviation. deviation. quarter

points.

o a o f p. Qp.

South E + 296 + 16 30 | + 16 30

S 2 points E + 245 + 13 46 | + 14 4 || 1 l

S4 points E + 173 + 9 49 || + 8 26 O 3

S 6 points E + “O89 + 5 6 + 5 37 O 2

East OOO O O O O O 0

N 6 points E – ’089 – 5 6 || – 5 37 O 2

N 4 points E - 173 – 9 49 – 8 26 O 3

N 2 points E – “245 –13 46 | –14 4 || 1 |

North – 296 —16 30 -16 47 | 1 2

N 2 points W – “389 –21 16 | –22 30 2 0

N 4 points W – 265 -14 51 | –l4 4 || || 1

N 6 points W - * 156 – 8 53 | – 8 26 || O 3

West OOO O O O O O 0

S 6 points W + 156 + 8 53 | + 8' 26 O 3

S 4 points W + 265 + 14 51 | + 14 4 || - O 3

S 2 points W + 389 +2] 16 | +22 30 || 2 0

South + 296 + 16 30 | + 16 47 I 2

Although the aberrations in these results are

greater than could be admitted in experiments

which allowed of more accurate means of obser

vation, yet they are such as may, I trust with con

fidence, be adduced as a confirmation of the hypo

thesis that has been advanced. They will probably
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be repeated with more accurate means than I

possess, and on a larger scale; when a closer ap

proximation will, I have no doubt, be obtained.

258. It may be proper here to observe, that

the sign of plus or minus prefixed to the angle of

deviation, is wholly arbitrary. I have called it

plus when the deviation is easterly, and minus

when it is westerly.

This sign however being thus fixed, it is neces

sary to give an indication of the course of the

needle as it is affeced by the galvanic wire, which

at present has only been stated in general terms;

viz. that it has a tendency to arrange itself at right

angles to the line joining the nearest point of the

wire and its axis. -

To conceive this effect more particularly, the

reader must consider himself as a part of the

galvanic circuit, having his head towards the zinc

end of the battery, and his face to the needle; then

the effect will be to carry the north end of the

needle placed before him always to his left hand.*

This is in all cases sufficient to remember, be

cause it necessarily implies that the south end is

carried to the right, and that if the wire proceed

from the other extremity of the battery, his direc

tion will be reversed, as will also the motion of the

needle, and the signs of the angles of deviation.

* This supposes a simple combination of two plates; it

is the reverse with a compound battery.
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259. We have at present shown no other appli

cation of the standard compass than that of its

indicating an uniformity of power in the battery at

the time of registering the observation; it may,

however, as we have already observed, be equally

useful in other cases. For example, let us suppose

it to be placed (as in the experiments reported

above) to the north of the wire, and let its deviation

at any given intensity of the battery be D, while

that of the other compass at the north or south is

A, and let its deviation with a different intensity

be D', and the corresponding deviation with the

other compass be A'; then it is obvious from

what has been stated, that

tan D : tan A : tan D’ tam A^ -

consequently, if the power of the battery between

any two observations is such as to alter the deviation

of the standard compass from D to D', that of the

principal compass will be found from the equation

tan A tan D’

tan D

We have therefore only to introduce this value of

tan A' into our general equation,

cos ?)

cot A' + sin q)

which will thus become

tan A' =

tan 8 =

cos ?)

tan D

tan Atan D’

a formula which is applicable to all degrees of

intensity.

tan 8 =

+ sin q)
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260. Let us now examine the circumstances

attending the deviations caused by a horizonal wire

placed in the magnetic meridian.

In this case conceive SE NW (fig. 3) to repre

sent a vertical circle in the plane of the section of

the wire, and corresponding with its middle point,

E and W being its east and west points. Let o

be a magnetic particle in a horizontal needle, the

direction of which is perpendicular to the plane

S E N W. Let the force in the line r t be denoted

by f as before, and call the angle SZ 0 = 9.

Resolve f into the two rectangle forces, f sin 9,

if cos @'; the former of which being perpendicular

to the horizon will only affect the inclination of the

needle; but the other force, fcos @, being horizon

tal, and in an east and west plane, will be wholly

effective in producing its deviation.

Let A be the deviation at S, which will be the

same whether the wire be horizontal or vertical,

because in both cases the tangential foree is hori

zontal and perpendicular to the needle.

Consequently, as in the former case,

J = m tan A

and our two forces become

m tan A cos @, in the horizontal plane

m tan A sin W, in the vertical plane

the former, as we have seen, is the only one which
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affects the bearing of the needle, and is therefore

the only one we have to examine.

From this we obtain,

m tan A. cos p'

772

tan 8 = = tan A cos qy

and hence we learn, that as the compass is carried

round the wire in a vertical circle, the tangent of

the deviation of the needle will vary as the cosine

of the angle S Z 0. -

261. This cosine being zero at the east point,”

the tangent & vanishes and the needle stands in its

natural direction, but will be inclined downwards

by the force

tan A sin ty

Beyond the east point, cos ?' becomes negative,

the sign of tan 8 changes, and consequently the

deviation is now the contrary way. At N, cos ?

= – l and tan 8 = – tan A, we have therefore

here the same deviation as at first, but in an oppo

site direction.

In the next or third quadrant, cos @' is still

negative, and the deviation is the same both in

quantity and direction as in the second quadrant.

At the west point, cos y again vanishes, and the

needle returns to its proper direction. In the

* By the east point is meant that point in the circle

which is to the east of the wire, and in the same horizontal

plane with it.
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fourth quadrant cos p' is positive, and the deviation

is the same both in quantity and direction as in

the first quadrant. There is not therefore in this

case the same kind of anomalous deviation which

takes place in the vertical wire.

The other force tan A sin p, which affects the

needle's inclination, is greater at the east and west

points; it is nothing in the zenith and nadir, and

in all intermediate positions it varies as the sin 9.

All these deductions are perfectly consistent with

the general character of the observations of Mr.

OErsted, and with my own, and I have not there

fore thought it requisite to submit them to the

test of numerical experiments.

262. It has been said by some observers that a

horizontal wire arranged east and west has no

power on the needle, except to disturb its incli

nation. But it ought obviously, according to our

theory, to produce the same anomalous action as

the vertical wire in the case where cot A is equal

to or less than unity; because then the galvanic

force being equal to, or exceeding the terrestrial

directive force, it ought, when the two are oppo

site, to reverse the direction of the needle; and

this will be found to be the case by applying the

latter above the upper, or below the lower horizontal

wire, when the former is connected with the zinc

end of the battery, and the reverse with the op

posite connection. It is this effect to weaken or
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reverse the direction of the needle that we have

alluded to in (arts. 250 and 252.)

i 263. I might now proceed to a variety of other

investigations for different directions of the wire, or

even generally for every possible direction, and for

a needle freely suspended and susceptible of motion

in all directions; but as it would be difficult to

submit the results to the test of numerical experi»

ments, I leave the task to those who have more

leisure for pursuing the subject, and who may

perhaps be disposed to enter upon the investigation

in more general terms. My results are necessarily

only approximative; because I have throughout

supposed the needle indefinitely short in comparison

with the distance and length of the wire; but by

this means I have rendered the subject perfectly

intelligible to every one ; whereas had I taken the

actual case of the reciprocal action of every particle

of the fluid in the wire upon every particle in the

needle, and had been able to complete the investi

gation, it could only have been understood by a

few mathematicians ; at the same time the minute

corrections thus introduced would not have been

appreciable in the comparison of the results with

experiments; these latter being necessarily both

liable to small irregularities and difficult to observe.

264. It will have been noticed that I have only

attempted to illustrate the nature of the action

which has place between a galvanic wire and the)
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compass, and not that of one galvanic wire on

another. What modification the hypothesis may

require to explain the latter class of phenomena,

will be examined hereafter. I have hitherto sup

posed only one species of action in the galvanic

wire; but it is highly probable that it is com

pound, and that while the north end of the needle

is carried in one direction, by the action we have

supposed, the south end is carried in an opposite

direction ; not merely as a consequence of the first

force, but by a distinct power. This will not, how

ever, in any respect affect our investigation; be

cause both forces lead to similar results.

We have seen a precisely analogous instance in

our investigation of the laws of induced magnetism,

(art. 158) ; where it appears that we obtain exactly

the same results, whether we consider the magnetic

fluid as simple, and acting equally on each extre

mity of the needle, or as compound, and acting

reciprocally on both ; and it was only for the sake

of certain analogies I was desirous of preserving,

that I was induced to adopt the latter hypothesis.

Similar reasons may also render it necessary, in

this case, to admit the existence of a compound

action in the galvanic wire ; but which, as we have

already stated, will in no respect affect the pre

ceding investigations.

I am well aware of the difiiculty of conceiving

the mechanical principles by which such a tan
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gential force, as is here assumed, can operate;

but on the other hand it must, I think, be conceded,

that the simple power of attraction is equally difficult

to conceive, and that we admit it, not from having

any idea of the modus operandi, but because we

find that it leads to results that are consistent with

actual observations; and I have endeavoured to

show, in the preceding pages, that the force we

have assumed is admissible upon precisely the

same ground. . . .

Let us now see how far the same hypothesis is

consistent with the various other facts and pheno

mena that have been elicited by different philoso

phers in their pursuit of this interesting inquiry.

SECTION III.

A COURSE OF ELECTRO MAGNETIC EXPERIMENTS.

265. IN the preceding sections of this part, I have

endeavoured first, to give a concise sketch of what

has been effected in this science since its first intro

duction by Mr. CErsted; and secondly, to illustrate

the theoretical principles on which we have sup

posed the action to depend. I have also proved,

by a comparison of several numerical results, that

the theory assumed is consistent with experiments
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in the particular cases in question; but it still

remains to be shown that it is likewise consistent

with the various facts and phenomena that have

been elicited by the several experimenters to whom

we have already referred.

In following up this view of the subject I shall

no longer regard the order in which the several

isolated facts have been developed, but shall endea

vour rather to be guided by that of their natural

dependence on each other, in every case, however,

attributing to their proper author the experiments

which are due to his ingenuity.

In such a course of experiments as is here pro

posed, I ought first to commence by showing the

action of the galvanic wire on the compass needle,

and to elucidate the several peculiarities of action

observed by Mr. CErsted; but as this has been so

fully entered upon in the preceding section, I shall

content myself with referring the reader to that part,

for an explanation of every fact hitherto known of

the reciprocal action of a galvanic wire and a mag

netic needle, and proceed to the next course of ex

periments, which have no reference to the deviation

of the needle suspended as such, but simply to the

reciprocal action of a magnetic bar and the galva

nic wire.
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ExPERIMENT I.

To magnetize steel bars with the galvanic

battery.

266. Take a piece of steel wire, as for example, a

sewing needle, and dip its ends first into steel or

iron filings, in order to ascertain that it has no

magnetism already in it, which will be the case if

the particles of iron do not adhere to it; if they do,

another needle must be tried, till we find one free

from every species of magnetic action; this being

done, connect the ends of the battery by the con

ducting wire CZ, and place the needle N S across it

(see fig. 4) drawing the latter backward and for

ward a few times, and it will be found to have

acquired the magnetic property; for on immersing

its extremities again in the filings they will be

found to adhere to it, in the same manner as to a

needle magnetized in the usual way.

This very interesting experiment is strictly con

formable to our hypothesis; for according to this,

the action of the galvanic particles in the wire,

being tangential, will act upon the latent magnetic

particles in the needle, in the direction of its

length, and cause a displacement of them, precisely

in the same manner as would be done by a magnet;

and also, as in that case, the cohesive power of the
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steel preventing the return of the fluids to their

natural state, the needle will remain magnetic.

This experiment was performed nearly at the

same time by Sir H. Davy, and M. Ampere; but

Sir H. Davy also succeeded in effecting the same

with the common electrical machine, and showed

that the magnetism might be excited at considerable

distances, and consequently not only without rub

bing the needle on the wire as we have described,

but even without the contact. It requires, how

ever, to effect this at the distances here alluded to,

a very powerful apparatus.

If the needle be made a part of the galvanie

circuit, or if it be placed lengthwise of the wire,

no perceptible permanent magnetic power will be

developed, which is also consistent with the hypo

thesis; because in this case, the action of the wire

will be transverse of the needle, which is the least

favorable direction for the development of the

magnetic power; the tendency of the action being

to place the poles transversely instead of length
-

wise.

ExPERIMENT II.

To ascertain the polarity of needles magnetized

as in the last experiment.

267. The wire and needle being placed as in the

last figure; that is, the needle being above the wire,

and Z denoting the zinc end of a battery of two

S 2


