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PREFACE
: i
It was intended that the subject of Magnetism and Electricity
#  should be a volume complete in itself, of the Series forming a Text-
' Book on Physics, but it has been found necessary to divide it into
two. The present volume contains an account of the chief pheno-
mena of eleetric and magnetic systems when they are respectively

* charged and maguetised. The effects of changes in the systems are *
E‘;, ~ only considered statically, after the changes a'e effected, and the

- systems have become steady again., The phenomena accompanying
¢;-‘ thg. progress of change belong to electric current or erectlu-
Eiy fmsnﬂ will be treated in another volume.
u ~ 'The view of electric action taken by Faraday and largely deve-
lm mmthemntwal form by Maxwell still holds good. Faraday
show M we must regard the material medityn  between
e:ﬁnlia as in an altered condition. If this volume the
gﬁcb‘m taken as measuring the alteration is termed
e trai W tfrm is adopted in preference to “ electric
) ﬂdeglmc polarisation,” in that it does not
specia h,pothems. When the term is first
"__ to form a hypothesis as to the
1y ﬁrthegomewMt vague representation
ical iépmtioh, the drawing apart of *

iy
-’
‘h
PO -
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The experiments are selecttd chiefly for their valugm eﬁgﬂuhlﬁg = H.:'é:
the fundamental principles,and no attempt is maded'.o gwfacam :f:
plete account of experimental methods. For fuller details the
reader is referred to Wiedemann’s Die Lehre von &r.ﬂﬂﬁf‘fﬁ#ﬁt,
Graetz’s Hamlbuch der Elektricitit und des Magnetmnua, W'inhi-
mann’s Handbiwch der P]zyszk or the Efwyclopwdm. ritanni 39,
edition. §rd vl

The mathematical development isonly carl'led so far a&iﬁ]i&d
for the account of the experiments described. The aim js*bo Bmld v
firmly the foundation on which the mathematical theom n[ay be #{m
raised. o .‘.”“' T

The wmpamou volume is now at press a.mi \;Iﬁ Bg
“shortly. \ | e .‘:T

L 5 ‘- . = .-. X
Reprinted 1924, i '
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PART I : STATIC ELECTRICITY

CHAPTER 1

GENERAL ACCOUNT OF COMMON
PHENOMENA

Electrification by friction—Actions between bodiea both electrified by
frietion—Two kinds of electrification—Law of electric mechanical action
— Electrie actions not magnetic—Conduction and ipsulation—Gold-leaf
* electroscope—Electrification by induction—Detection of kind of charge
g by the electroscope—Nature of induced electrification—Only the outer
o surface of a conductor is charged—Th® two electrifications always occlr
. together, inducing each other—Discharge of electrification—Frictional
~ machines—Ease of discharge from points—Lightning conductors—
d  Eleetrophorus—Bennett's doubler—Belli's machine—Holtz's machine—
- Wimshurst's machine—The Leyden jar—Franklin's jar—Residual charge.

Wtion by friction. When a stick of sealing-wax
: ﬁﬁl ‘been rubbed with any dry woollen material it* {5 found to
- mt dust, small pieces of paper, bran, or othgr very light par-
ticles. A dry rod. after being rubbed with silk acts in a
the prop is shared b many other substances.
g this peculiar action the surface of the rubbed
e ified, to have undergone electrification, or to
thu Mbem derived from the Greek fAexrpov
ﬁ"which was known to the ancients to possess

¢ _intereshn experiments may be made on
fm: instance, attract egg-shells, paper
Bilk thm.ds, &c., by electnﬁecr rods
Perhaps the most striking
~of dry paper. If several sheets
or ,'{;-, 1e fire or by ironing with a

ot, laid @gpﬂe and stroked
1ere ve nloaely together.
fication to a very
1th “ = E mlmq‘e,, .- |

.t.



2 STATIC ELECTRICITY ey
Thus, resinous materials, such as sealing-wax or vu]camte, should
be rubbed with wool or fur, and glass with silk. 2

Actions between bodies both electrified by ﬁictlon
We may study electric actions between bodies in more detail by
means of some such apparatus as the followi ing, which we may term a
disc electroscope. Two discs, a, b (Fig, 1), are attached to the ends
of a xulcanrz: or varnished glass md pivoted and free to turn on
an upright support; a is “‘]a% and 4 is vulcanite ; ¢, d are two other
diges, of glass and vulcanite respectively, provxded with vulcanite
handles. On rubbing a and ¢ with silk, and & and d with wool or
fur, all the surfaces are electrified. On presenting the glass disc ¢
to the glass disc a, we find that it repels it. We find also that the
vulcanite disc d 1cpels the disc b, or that the similar bodies repel

i

each other when electrified. On the other hand, ¢ attractsb a.nd _
d attracts a. e
Two kiads of electnﬂcatmn ntreous or pnsitwa, P
resinous ‘or negative. ~We have, then, two distinet kinds of
electrification—that of the rubbed glass and that oﬂfhe rubbed A
vulcanite. Further experiments show that-there
two kinds, and they are often termed( , frem their slmp st
production, vitreous and resinous respectively. But it is
observed that when acting on a given electriﬁﬁ ; ',_ y th
opposite forces, which tend to neutralise each other
detached dises ¢ and d may be so eleetrified tha.t
together in front of a or of b they will pmduce 1o 1
two actions being equal and oppos1t& T ,
Hence, in regatg to their mechanmal act
the two electrifications the terms posi n
or glass electrification is a.lfwayn
resinous electrification is negat
« We may now make the"_ |
Law of electric meachse
electrified repel each&khﬁ

other.

Two bodias
el_.ectx_'-iged' |



GENERAL ACCOUNT OF COMMON PHENOMENA 8

their appropriate rubbers. Each rubber, if very dry and held at
the en(l) of a vulcanite handle, will be found to repel the disc rubbed
by the other, while it attracts its own disc.  Or if two other discs
which electrify each other be rubbed together and presented to the

glass disc, one attracts.and the other repels it.
It wust not be supposed that a given substauge is always
=~ electrified in the same way. The nature of its .e're'ctrilimtinu
depends on its physical condition and upon the rubber used. Tt is
_ found that substunces ean be arranged approximately in order, thus:

+ Cat’s fur,

Glass,
Wool,
r Feathers,
1 Wood,
£ Paper,
- Ebonite, -
Cor . : S!”\, .
- . — Shellae.
g'__ So that if any one of these substandes is rubbed by one hightr in
- the list it is negatively electrified, while if rubbed by one lower in
~ the list it is positively electrified. The order in such a list must
- not be taken as quite fixed, since change in physical condition may
~_ alter the position of a substance in ﬁle list. A polished surface,
. for instance, appears to increase the tendency to positive electrifi-
. cation, so that while polished glass is near the heads of the list,
=y 4'_.5..'.0 '- ‘:n. 3 ma” below down. o s
dlectric actions not magnetic. We may at once dis-
uish electric from magnetic action by the fact that iron, nickel,
cobalt are, with-all theother metals, absent from the above list.
Conduction and insulation. At one timeit was supposed
__i;* als and other sabstances not showing electric attrac- P

| were non-electric, differing fundamentally from
shellac and glass, which were alone regarded as
ctrification. But afterwards it was shown that
in the degree to which a substance will allow
over or through it. Shellac and dry glass
a longer or shorter time on the surface
we therefore termed insulators.
vhole surfaces or to be com-
they touch, and are thereforee
@ b _gn-._ﬁ.ng_,hnndle, o

L= e e o
A T

#
Pt e e
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stage between moderate ‘nsulation, such as that of wool or that of
baked wood, and good conduction, such as that of the metals.
Sometimes a body may be in itself an insulator, but may have a
: ater from the air on its surface, and the film

This explains the difficulty
ion on glass or the still greater

tendency to condense wate
of water will form a conductor.
experiencedgin keeping electrificat
difficulty in keeping it on paper. Sometimes the surface of the
insulator decomposes. This oiten happens with vuleanite and
QH&SS, and the products of decomposition form a conducting layer.
Lhe insulation of glass may be improved by fmmersion for a short

L
L4

lso prevent insulation by form-

time in boiling water. Dust maya ’
ing a continuous coating of conducting matter on the surface of a 3
body.
The hygroscopic tendency of glass greatly impairs its efficiency
as an insulator except in a very dry atmosphere. It is, therefore,
necessary in electrical experiments with glass either to replace the
~ glass surface by amilther less
' hyeroscopic or to take special
% gf gﬂﬁ%ﬁﬁﬁszlfwd?a : p'regcautiogls to keep the sgrface
i T Often the glassis covered
= with shellac varnish or with %
sulphur. A very simple plan to
preserve the insulating property. i
of a vertical glass rod is to allow ¥
| Asbestes fibre soaked. it to end in a lead foot fitting 9
- tna't:-ung‘s-ulpfwlwaczd- tlghtly at the bottom Of_ Fo el
& Lead narrqw glass jar (Fig. 2). Above
the lead 1s pla‘.ced some asbestos e
Fit. 2. fibre moistened with strong sul-
phuric acid. Slidingontherod

is a cork which may be brought down to close the j:
use. The sulphuric acid dries the air of the jar ti:-l‘
the glass is therefore also dry. When in use the cork is slightl
raised so that there is no connection between the upper and
possibly damp part of the rod and the jar except through th
ttself, which-is insulating: © s o oo At R G
Gold-leaf electroscope. The two ele -~ dis
(Fig. 1) will serve as indicators of charge on an
charge is considerable. Fora charged body wi
of the discs. But a much more delic ¢
electrification is given by the gold
wriginal form consists essentially of ty
from the lower end of aw insuls
upper end of the rod proje
common type of instrumes
- gold leaf hanging fro
~in an insulating bar
- Jl'he,rorl;p“ v

=
. -
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which can be closed by the cork ¢ when the instrument is not in
use, in order to prevent the entrance of dust. p,p are two brass
side plates which can be arranged at any distance on each side of
' the gold leaves, the seasitiveness of the instrument being greater
the nearer the plates are to the leaves. If the wood of the case 1s
non-conducting th®side plates should be counected by wire to
earth. The reason for this will be seen when we have considered
the phenomena of induction. The top of the rod may conveniently

e e e et

F1q, 3. _

- If this is touched by an electrified body
rification is communicated through it to the rod
he Iﬂa.ves, being similarly electrified, repel each
] ﬁ in the figure.
mprovement in the construction of the
] __,h ib now usual consists in prolonging
n metal strip, and having only one
the strip near its upper end.” The
negfnf the second gold leafo
] thb Il‘h'lp Flﬂh

J"’ zdmé?i?; '
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body near the electroscope the Jeaves diverge, or the single leaf
ctands out from the strip, showing that they have undergone
clectrification. The electrification thus produced at a distance .
without contact is said to be induced. . L P

Detection of kind of charge by the s&ld-leaf electro-

scope. If the elcctroscope be slightly char®®d, say by- rubbing
the table with flannel or fur, it will indicate the e
kind of charge on any body brought near to the %=
table. If, for example, an excited ebonite rod |
held over the table makes the leaf orleavesstand . =
out further, an_egcited glass rod makes them

fall neaver togcther,*and wice versa. We shall- < 3%52
<ee later how these actions may be explained. = P
Here we take them as the results of direct ex- =y
periment and shall use them to test the nature
of induced elegtrification. B R R e

Nature of induced electrification. It
may be shown easily that whenever an electrified
body is broyght near an insulated conductor it -

induces electrification of the kind opposite to its
own in the nearer part, and of the kind similar
to its-own in the further part of the insulated body, as in Fig. 5,
in which A is a body on an insulating support, and is electrified,
say, positively, while B is a conductor standing on an insulating =
support. We may verify this by means of a proof’ plane (Fig. 6),
which is merely a <mall metal disc at the end of an insulating rod.

. < Drogl
i - e T "- 2 A=V

A A e L I -u‘hb A ST
a . B - .;—; < "’.'l- 4 \ * .“ - :
ﬁ“.. '_,“" . .. -".'::‘I. _,:‘;' < -. o = = h
@ G +) R o 13 353 .
e e = - W ‘
FiG. . S s

When the metal disc is laid on an ¢
forms, if small enough, part of th
*same way as the surface round i
preserves its electrificatton
means of the gold-leaf elec
Testing the electrifi
that on the endineare
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~ This gives us an additional reason for. ascribing the algebraic
siens + and — to the two kinds of electrification. Not only do
they show opposite mechanical actions, but when they come together
in proper proportion the resultant effect 1s non-electrification.

We may describe induction, perhaps, more easily by materialising
our conception of, electrification, regarding it as son®thing which
we call electricity, in addition to and possessed by the matter,
rather than of as a condition of the matter. A neutral body we may

rd as possessing amounts of the two electrifications practicaly

2 unlimited and so mixed together as toneuntralise each other.  Fach
- electricity must be endowed with an action of repulsion on its own
< ‘kind and of attraction on the apposite kind. This, we must note, is
not a repetition of the statement on p. 2 of the mechanical action
Metween electrified bodies.  One gives the nature of the force
between portions of electrified matter tending to move matter ; the
other gives the actions between electrifications tending to move

: electricity even though the matter is kept at rest. :
E, Using this new conception, we may say that the 4 electricity
~ on A (Fig. 5) decomposes the neutral mixture on B, drawing

.~ the opposite — nearer to itself ance repelling the like 4, whigh we
~ may term complementary, away to the other end. .

~ This mode of description is merely provisional. We shall see
 later that we must suppose the medium round the electrified bodies

~ to take part in the phenomena, and when we try to assign to the
~ medium its share in the action the above conception of electrifica-
~ tion ceases to be adequate. But if we use it, not ag a hypothesis

. but rather as an illustration to aid us for a time in amanging the

-~

ined facts of electric induction, it will ®be at least quite

LT

~ If we touch B;with the finger or with any other conductor, so

A :ins-“daﬁﬁ_jta insulation, B becomes part of the general

Juctir :'. em;, consisting of the table, floor, walls, and so on,
ther the positive electricity can get further away from @

aves B, or A draws up towards itself more negative

mding conductors on to B. Whichever process

effect is the same, viz. B loses all its positive

N T

ly negatively electrified. If now we break the
ﬂﬂ'g rth, B retains this electricity evenif Ais

al of A the electricity on B is redistributed,

‘either end of it. :

awtion of an electrified body in the

ractjon of light bodies, such s

body acts by induction on

hen e

urfaces with the kind ~ *
ige of the same kind

itel
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surface.  Frequently they only adhere for a moment and are then
repelled. This is especially noticeable with pith balls suspended
by insulating silk threads. They rush to the clectrified surface
and then rush away, standing out as in Fig. 7. The explana-
tion of this repulsion is that on touching ‘the electrified surface,
. they yield up their opposite electrifi-
cation, being slight conductors, and
gather from the surface some of its
own electrification ; being now elec-

gy i

~ -
b trified in the same sense as the surface, |
they are repelled from it. .
The gold-leaf electroscope may be
used to illustrate some of the pheno- -
\ mena of induction. Let us use the
form with two leaves. If a negatively
electrified rod, say of vulcanite, be
CRp held above the table of the electro-
N— scope as in Fig. 8, the table s electrified
F1c. 7. - positively and the leaves negatively.
SIES The negative in the leaves induces i
« positive in the side plates, their negative going off through the
conducting communieation to the table or floor, or, let us say
generally, to the earth symbolised by the plate E. To be sure

that we get rid of this negative charge it is advisable to connect
the side plates to the gas- or water-pipes by wires. %, e Sl

L
+
. +
; . = ; :ﬂ-a.‘ ‘
B The gold leaves staund
this before as due to re
but we may now,replace tk

is
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many electroscopes, there are no special side plates. In that case
the surface of the glass may be dusty or damp and so become
oppositely electrified.  If the glass 1s perfectly insulating the
opposite electrification is induced in the nearest conducting
surfaces and the leaves are still pulled out by the attractions of
those smrfaces rather than pushed apart by mutuasl repulsion.
Bat the nearer the oppositely electrified surfaces the stronger its
outward pull. Hence the advantage of having adjustable side
lates, which may be brought very near the leaves when the charge
is small. If while the electrified rod is over the table of the
electroscope we either touch the table or allow the leaves to
diverge so far that they touch the side plates, the negative from
"~ the leaves either passes away to * the earth,” i.e. to the surrounding
conductors, or is neutralised by a further supply of positive

;:_' brought up from the earth, and, ceasing to be electrified, the leaves
~ fall together. QOn breaking the earth communication the positive
¥ - on the table above remains, and on removing the vulcanite this -«
_ positive spreads over the rod and leaves, and induces negative in
- the side plates. These again attract the leaves, which are once

~_ more drawn apart and remain apast as long as the insulatign tee -

. preserved. :
E\”_ " Wecannow see how an electroscope, left charged with positive in
~ this way, may be used as a detector of the kind of charge possessed

[
-

by another body. If a positively electrified body is brought near
~its table, then the table is negatively electrified by induction and
. positive is sent down into the already positively electrified leaves,
. and they are forced still further apart. If a negativelw electrified
- bodyis ught near the table, it is positively eleetrified and either
~ this positive is drawn up to it from the leaves or negative is sent

wn to the leaves, and in either case they are less strongly
vely electrified and fall together somewhat. If the body 1s

y charged with negative and is brought nearer, a point may
ien the positive in the leaves is just neutralised and e
ther. If the body approaches still nearer than this
‘a balance of negative in the leaves over and
sing the Fmiﬁve previously there, and the leaves
It will easily be seen how the indications are
e-of the electroscope is negative.
face of a conductor is electrified
bed charged bodies within it. This

arrow, deep,tin can, is placed on a block

‘harged with electricity eithet




- body is equal to the — on the
~outside of the can induces ¢
o room, If the Body tous

.
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outside of a conductor may be shown in another way. Placing the
can on the paraffin, uncharged, we may-introduce within it a
charged conductor, such as a proof plane or a metal ball with an
insulating handle. On lowering the charggd body well within the
can and allowing it to touch the inside of the can it becomes part
of the inside surface. Its electrification at once leaves it, and on
taking it out of the can it is found to be entirely discharged. By
aid of the proof plane we can show that thereisno electrification on -
the inside of the can.  But before contact the inside of the can was
electrified by induction, the state of affairs being represented by Fig.

F—=—=—————-7) on the outside extends to the leaves.

"Their divergence remains the same, how-
Fig.9, ever the body within the can may be
. ~ moved about. When it is well below
the top, the + &n the outside is really related now to a — vharge
which it induces on the surface of {he nearest conducfms, t]J.e,ir o
table, wall, &e. e R TN - iy C T
The two electrifications always occur together, - e Sl
ducing each other; or electrification is always in-
ductive. The analysis of these simple cases of induction prepa
us for the general statement that all electrification is accompani
induction, i.e. that whenever we have one kind of electrificati
have somewhere, facing it, the other kind, and the b
faces are subjected to these related charges are being
each other. = In the next chapter we shall descri
which verify this, and shall show alse that the t
fications are always equal in quantltyi‘so that
gonneetion be made between the opposite
electrifications coming together exa
in the experiment represented i

" 9: the + on the insulated body within the can induces — on the E s
inner surface and the complementary +
is drawn to the outside. But we may
still say that the can acts as a complete . :
screen between the inside and the outside. 3
For the + charge on the outside may be ,
+ 1l ||+ shown to remain in the same position
4+ I+ wherever the + body is placed within the
] .. [ conductor so long as it is some distance ‘
e i YORE © below the top. A TR
Vo= @ [+ We may, for example; conduct the
experiment with the can on the table of =
-+ ||+ a gold-leaf electroscope so that the charge B2 -
| ]

i
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~ these two charges come together and also neutralise each other
- and no electrification of either kind remains.
_- When electrification is produced by friction the two electrifica-
e tions are at first one gn the rubber and the other on the rubbed
- bodies. When the two bodies are widely separated they may no
* longer act only on each other, but on the walls. Tifus a charged
ebonite rod which after being rubbed with wool is’held up in the
middJe of a room has its opposite + on the arm of the holder, on
~ the table. or on the walls. If two rods both negatively electrified are
xS held up vear each other they appear to repel each other, but our
further study will show that we ought rather to regard them as
drawn apart by the opposite walls, whicl®are positively electrified
by induction.’
Discharge of electrification. When an insulated

©  electrified body is touched by the finger or by a conductor
~ connected with the ground the electrification passes away and the
~ body is said to be discharged. We have described this discharge
~ asif the charge merely went to the earth. We can now see more
" of the true natare of the process. The electrification of the body,

. when insulated, is accompanied "by opposite electrificatisn
~ the walls, floor, and surrounding conductors, and we may regard”
~ the two charges as tending to come together, but unable to pass
~ through the separating insulating medium. When a conducting
~ bridge is made the two charges'spread along or through it and
"~ unite to neutralise each other. Frequently they are able to break
~  down the insulation of the medium if the electrification is con-
'~ siderable, and a spark occurs. In all cases of electfc discharge
s the 7 of the electrified system is dissipated in the discharge,
~ either as heat in the conductors, or as light, heat, and sound, and
~ perhaps chemical energy. in the spark.
3 Methods of producing electrification in large
atity. Frictional machines. Many different forms of
been devised for producing electrification cop- <

ly by friction, and for a long time they were in common

y are now sup ed for most purposes by induction
will suffice if we describe one form— Winter’s plate
full account of the mode of constructing and using
frictional machines will be found in Harris’s

L T TR

lar glass plate mounted on a horizontal
the handle 4 in the direction of the
5 at theJowest point between two
vith  wool, and these serve as £

tin, i

Ak
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gas or water pipes. At the level of the hor izontal radius the plate
passes between two metal combs e—the collectors. These combs
have sharp teeth pointing to the plate and separated from it by a.
small interval to allow of free running. Two silk flaps s attached
by their lower left-hand edges to the rubbers extend nearly to
the combs atd are held so as loosely to cover the section of the
plate between rubber and collector. The combs are connected to

-

N

(3 Fic. 10.

- a metal body PC, called the prime conductor, which is s
- by an 1nsulat1ng pillar and is terminated by a small kn
represents a wooden ring with a metal wirve as core.  This ring
introduced by Winter and is named after ‘him Wm' s ring.
If the plate is turned the glass is electrified positively anc
rubbers negatively. The + on the glass s €
: the silk flaps appearing to prote@'
ufider the combs. Them it nc t
' points while the co'mplemenl:a'
conductor. Now alech‘lﬁm
points with :
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of the plate, the excellence of its surface and of the surface of the
rubbers. The advantage of the particular structure chosen for
the rving is not very clear. It certainly makes the -pm!—.s brighter,
and this is robably explained by the fact that it increases the
capaclt.v of the prime eonductor so that more electricity is stored
in it befnre a discharge occurs, and more, therefore, gasses in the
dh,ch
The ease of discharge from points. If a very sharp

metal- point is placed on the prime conductor it is found that dis-
charge takes place from it continuously, the air or dust in the air
a.ctmg to convey the charge to the smmundmg and oppositely
charged conductors. We need not here discuss the mode of dis-
charge. Itissufficient at this stage to say that the electrification on
any conductor tends to accumulate at any projecting point on the
conductor and to a greater amount per unit area the sharper the
point. It appears then that even with comparatively weak charges
the crowding of ‘the electrification on to a point may be so glent .

- that the air is unable to insulate, and discharge occurs through it.

.~ The point appears in the dark to glow. If the hand be held over

- the point the impact of the electrified air streaming from it is S i

g  tinetly felt. A sort of Barker’s mill may easily be made to Vork .
- by means of this point discharge. A light “w hirl ” represented in

%
¥

- Fig. 11, consisting of a number of spokes with ends pointed and
* bent tangentmlly, is pivoted on a vertical
b’ metal support on the prime conductor of a %
- machine. When the machine is turned the

~ whirl rotates with the points directed back- SN
.’—'h. ‘wards. We may explain the motion thus:
- \Were the points covered with some efficient
.3 —- insulator whirl would be in equilibrium,
S - the pull on the strongly electrified points

g ;*,: nentralmd by the pulls over the more

trified remainder of the surface. C( 5
e.C.

3
?*

e DO t’ are not lllﬁlllated the
antly streaming off them and
om mdirmnm ed. he pull F16. 11
face is therefore not
: " ind the whirl rotates. Or, without considering

of forces, it 13 enough to say that forward

1 in the air streaming from the point, and
’i"ﬁh _tp u mamfested in the retreat

-

ppmts A auh-oﬁ'.,;l.;
botwm-_]-";.
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mutually inducing charges rise above a certain- degree a flash or
flashes may ensue betweén the clouds and conducting projections
from the earth, such as buildings, trees, or conducting rocks. But
if there be a lightning conductor with a sharp point directed
upwards and well connected below with the carth. the earth charge
may pass of{ continuously by the point towards the cloud and may
neutralise the charge there, or at any rate prevent it from rising
to sparking iutensity. We may illustrate this actionof alightning
conductor by placing a sharply pointed earth-connected metal rod
ndar the prime conductor of a machine. If the machine is now -
turned the discharge from the point to the prime conductor
prevents the gathering of a charge in the latter, and this may be
shown by the fact that a gold-leaf electroscope placed near the .
prime conductor is nearly unaffected. Here the prime conductor
may be taken to represent a cloud and the sharp point a lightning
conductor. If the point is now covered by a round metal knob
the continuous discharge from it ceases and the charge on the
prime conductor gathers till there is a spark from itto the knob. —
The electroscope indicates the gathering of the charge and i1ts
dispersal in the spark.* ' g

Thduction machines. The electrophorus. Theelectro-
phorus is exceedingly useful for the production of a series of small
charges. It consists of a flat cake (RR, Fig. 12) of some resinous -
material, say of vulcanite, resting on a metal plate SS, called the =

~

R -
St . :

Fia. 12. -

sole plate, and a movable metal cover CC, fi
insulating handle H. The surface of the ebonite
by friction, say by beating with cat-skin
thus developed induces a positive
of the sole, which, lying*on
cover is now placed on the e
not perfect planes they are
* Foran monnuor%
oo

lightuing conductors, see 3 :
I . A S - -.l_-'_ X €N m“ !'._.
= | %, R imy

yed W 3
'y '. . & ;
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a few points. The charged ebonite therefore acts inductively
* across the intervening layer of air on the cover, and some positiveis
induced on its under surface and the complementary negative
" on its upper surface, The cover is now touched with the finger
and so earth-connected, "The positive charge on the sole can
now get very much nearer to the upper surface of the ebonite
and we may regard it as passing round through the eatth and the
body of the operator to the cover, which receives nearly all the
charge previously in the sole. The negative charge in the cover we
may regard either as neutralised by the addition of positive or as
passing away through the operator. Now removing the finger, the
, cover is insulated, and on lifting it by the insulating handle
it contains a positive charge which is quite large enough to be
useful for many purposes. The charge on the ebonite still remains

=

W]

~ practically undiminished and at once induces another charge on
~ thesole. Bydischarging the cover and replacing it on the ebonite
~ the process may be repeated, the original charge of the ebonite
~ sufficing to give a great number of charges to the cover. Though
F the original charge is thus the exciter of all the succeeding charges,

it must not be supposed that it is also the source of their energy.
%‘ The cover when placed on the ebonite and charged oppositeif”is
. attracted by it, and in lifting the cover up again more work
~ must be done than that required merely to raise its weight, and
e ;.-,rifie is this excess of work whil(;h gives to the charge on the cover
~ the energy it Eosaeases ‘The operator therefore supplies the

el e

_ energy of each charge in the act of raising the cover.
~ Asillustrating the fact that the charge on the ebonite acts induc-
. tively through a thin layer of air on the ordinary cbver, it is
~ interesting to note that if a laver of mercury be Poured on to the
- eake and touched to earth the cake is discharged. Evidently the
~ mercury fits so closely on to the electrified surface that the two

i ifications are able to unite.
% -] imwmtonohce that the charge taken away on raising
e cov -f nearly all derived from the sole. When the cover is
he cake a small eélectrification of the cover,
2, no doubt occurs. But the greater part of the
is still oceupied in inducing the charge on the
er is touched the sole charge rushes up into
forms the charge carried away when the
y easily be proved by placing the electro-
sulating pillar.  If the cover is put -
charge cannot now pass into the

\

uentonly wh
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troublesome and slow to gather together any large quantity in this
way. | s - Y
"Bennett’s Doubler.—Very soon after the invention of the
electrophorus means were devised for increasing the output, the
carliest being Bennett’s Doubler, invented in 1786 for the purpose
of increasing very weak charges. It consisted of three metal
plates A B C, Fig. 13, varnished as indicated by the black lines,
A on the upper side, B on botk sides, and C on the under side,
the varnish acting as an insulator. B and C were provided with
ihsulating handles. ~ Let us suppose the following operation to be
sone through: A is placed on an
insulator, which we may suppose to
be an electroscope as that will serve
as an indicator of increasing charge ; -

r = ¢ B is placed on A. If a conducting

body charged, say, positively touches

e 1 15 A, while B is touched to earth,
- + almost all the charge will gather on

- A, for there it can be quite close to

the opposite negative charge induced
on the under side of B. This nega-
tive charge is nearly equal to that

; on A. Now insulate B and remove it ~.;
| /\ the body; let B be raised and

brought against C; touch C 1o .
earth. A positive charge nearly

« F16.13. equal to the negative on B or the "'g‘é
- “SF ¥ » L 'ﬂ p
positiveon A gathers on C. Insulate

C and replace B’ on A: touch B to earth; touch C to A, when
nearly the whole of its charge will pass to A, being added to and
thus almost doubling the original charge. ~Repeating the process

after each series of operations, the charge on A is nearly doubled
and may soon be made a very Jarge multiple of its original value,
as the electroscope will show.” The disadvantage of this form Q¥
apparatus is that it requires considerable manipulation, and it was
soon followed by instruments in which the process w i€
mechanically by the turning of a handle. Probabl
very efficient, for they seem to have been consider
curiosities. One machine, invented by Belli in 1831
secured more notice. It appears, however, to hav
and it was not until the independent inventio
Varley, Thomson, Toepler, and Holtz abou :
general attention was directed to the su
various forms of machines, all di
fluence ™ and not on friction, hﬂi

frictional machifies as so

.
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Belli’s machine.* In the form here described there are two
metal plates,the field plates A B, bent, asin I'ig. 14, like the covers of

a book and fixed on insulating pillars. The movable part consists of

- two circular metal plates, the “carriers™ C D, at the extremities
of a glass arm. By turming a handle these can be revolved on a
horizontal axis so that they pass through the spaces pastially en-
closed by the field plates. Projecting from the inside of each
field plate is a spring s, which each carrier tonches as soon as it is

completely within the field plates. After contacts with the springs,

L J
T ’
4 8
- G \
‘N‘ : ',ﬂ:n -’
i ® D
gfl: J
o 3
3 I~
,
g B “' s F!G. 14.

broken the carriers come in contact with the twd® ends of a wire
, the *“ neutralising rod ” of later machines, which puts them in
ctric communication while still within the field plates, To

rstand the action of the machine let us suppose that to begin
here is a positive charge on A and that the carrier plates

om the position of contact with the wire n n, C being
- D within B. Then negative electricity is induced
is'sent to D. These charges are carried round
s S j.’gawithin B, and D touches that within A.

2

eir es, tending to get to the outside, pass

ates, increasing the 4+ charge on A

The carriers then move on to con-

e 7 n, when D will be negatively
ction.  Further rotation brin

: wd on contact with s¢ the

most enclosed by the field plates and are in
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It is not always necessary to electrify a field plate to set the
machine in action. There is frequently some charge to begin
with, perhaps due to friction of a carrier against a spring, and if
the two plates are not electrified equally the machine will increase
the larger charge and soon make the sinaler charge of the opposite
sign to ify if it was not so initially.

In 1860 C. F. Varley* invented a machine similar in principle
to that of Belli, and later Lord Kelvint devised a modification, the

. “replenisher ™ used to charge the jar in his Quadrant Electrometer.

Fic. 15.

Other important developments were made in
~and Holtz's machines.t We shall only descril
usually employed in this country and introduced b

1883, a modification of the previous ma

certain and convenient in its we

-
el
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velocities in 0ppns1te directions on the same. axes. On the outer
faces of the plates are equal numbers of thin brass sectors arranged
radially at equal intervals. On the horizontal diameter are the
collectmn' combs cmlnected with the discharging knobs which are
placed above the plates. * Two small Leyden | jars have their inside
coatings connected one to each of the collec ‘ting combs, ®hile their
outsule coatings are connected with each other. At 45° or there-
abouts to the horlmntal the best pl)'\ltl()n being found by trial,
- are two neutralising lods, one uppontc each fme and nearly ate
right angles to each other. These terminate in wire brushes which
touch the seetors as they revolve. To start the machine most
easily, the discharging knobs are placed nearly in contact and the
handle is turned. After a few revolutions of the plates, if the

F1a. 16.

.

¢ 13 fatrly d,ry and dust-free, sparks will pass. The knobs
be separated radually, and the sparks will continue to pass s

: :' ispnssed. Even when the machine will not
rmdll be set in action by holding an electrified
.'... : brushes on the far slde of the p]ates from it,
g the plates. The Wimshurst is one of the most
lpi:st reaular of the influence machines. The
1z can be gwen most readily by aid of a

Te sented in Fig. 16, the plates are re- : §

ders. We may then distinguish them as KTt -

- leave ou ofg.ecount the discharging :

have the two neutralising rods

in the fi m._-g and. let us
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sectors of the outer.plate under m, The smaller the sectors
and the more numerous they are, the greater will be the quantity
of = induced through m,; by the + on the inner plate, and it
may be much more in total amount than the original 4 if a
sufficient number of sectors pass my while the inducing charge is
near that*brush, Now the — passing round on the outer plate
arrives opposite 2, when the 4+ on the mner arrives at n,, and,
meanwhile, the 4+ given to the outer plate through m, arrives.
sopposite n,, and under these charges not only is the + on the
inner plate under n, neutralised, but a — charge is induced’ on

it there while a 4 charge is given to the sectors under n,. These L
are carried on, and when under m;m, they induce — and 4+ on
the outer plate, while when under n;n, they are reversed.

VLU

/ A

Fig. 17.

The charges on the different parts of the plates are therefore .

. as in the figure, and if the sectors are sufficiently numerous the .
charges will mount up until the increase is balanced by leakdge.
To understand the necessity of a number of sectors it is su i
to consider the case represented diagrammatically in Fig. 1
there are on each plate only two sectors at the opposi
diameter and so arranged that they meet under the
if one inner sector receives a charge + Q the most
induce — Q on the outer sector when the latter i
the opposite sector being charged with + Q. ©
- charges cannot do more ghm ‘induce
. ~ the inner plate sectors*are under the
the charges do not increase
The addition of the disc

- R of the action ;e it only 1
SRR ER e S theseotors; Thus the
= outer plate running ir
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‘ combs will clearly tend to draw out — and leave + on the right-
* hand discharging rod. On the left-hand rod, — will be left, and
~ if the knobs are not far apart the charges may soon be sufficient
~to spark across. But if the knobs are so distant that no sparks
pass, the charges on theh may soon reach a steady state, and no
more electrification being taken from the combs, the maclsne works
just as if the discharging circuit were removed, and increase is

- balanced by leakage.

Storage of electrification. The Leyden jar. The,

Leyden jar is a device for collecting and storing large quantities of
. electrification. It usually consists of a glass jar, as shown in Fig.
18, lined inside and out with tinfoil to perhaps three-quarters
~ of its beight ; the neck of the jar is closed by a cork, or preferably

Fic. 18. Fig 19,

ie insulating material, through which passes a metal rod termi-
| above in a knob and below in a chain, which puts it in
unication with i'}he inner coating of tinfoil. If the jaris
the hand, the outer coat is connected to earth, and
1ob is applied to the prime conductor of a machine, the
om the prime conductor passes into the jar and
side of the inner coating. There it induces a

ive charg "'ﬂie_-;in'side of the outer coating. If the knob is -

m the prime conductor the jar is charged

the arm may frequently be felt.
each spark, the rushes through
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with an insulating hapdle (Fig. 19). The knobs being separated
a proper distance, one is first brought against the outer coating, and
the other is then brought near the knob of the jar; the discharge
takes place by means of a spark more or less brilliant, according
to the charge in the jar. If the tongs re brought first against
the knobadischarge sometimes occurs through the operator if there
is faulty insulation in the handle. It is therefore advisable to
observe the order above described. With a given machine as
source of electrification the maximum charge collecting in a jar,
which we may take as indicating its electrical capacity, is pro-
portional, as we shall prove later, to the area of the coating, and ‘
inversely as the thickness. It depends also on the nature of the
insulating material of which the jar is made. It would, for
example, be greater for an ebonite jar than for a paraffin jar of the
same dimensions. Sometimes, instead of a jar, a flat
pane of glass is used, coated on its two sides. We
may evidently regard this as a jar opened out.
Franklin’s jar. If the coating is not abso-
lutely in contact with the glass the charge resides on
- the surface of the glass, passing, no doubt, through
the intervening thin layer of air. This was proved
by Franklin by means of a jar with movable coat-
ings. Fig. 20 represents the separated parts of
such a jar. The lowest is a tin cup to form the
outer coating. The middle is a glass beaker which
fits into the cup, and the upper is a tin cylinder to
form the inner coating when dropped into the
‘beaker. After charging the jar we may remove
first the outer coating, and then the inner by an
insulating hook so as to prevent earth connection
before the coating is removed from the jar. The
two coatings will now be found free from charge. —
After building up the jar again, however, a dis-
charge may be obtained on connecting the coatihgs,
showing that when the coatings were removed the
two surfaces of the glass still retained the charge
This may seem at first sight inconsistent with
behaviour of the electrophorus, in which th
on the cover does not pass across t
: air to the surface of the ebonite.
Fia. 20.  remembered that in the jar the charge
far greater than in the electrophor
tendency to get ove' the intervening air s
greater. - : FE Ny nEp I
Residual charge. If a Leyden
 a short time,sand then discharged

from electrification. But if ¢

.
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] yeared, but much less in quantity, and another spark may be
r"ﬂ b 'med Leaving it again for a time after discharge, another
P’ ‘but still smaller charge gatherq and a third spark may be
* obtained, and so on. These successive charges are termed residual

and the successite sparks residual discharges. We shall
gma the probable explanation of the phenomenon later. «

!w- ,a
J'

”_. ARy
| Lo
-

i

" By
-IL' -

s

T
-




“be replaced by the Quadrant Electromn
~ insulated and eonﬁactad with one pair
~ i# thus obtained,
for purposes of demonstration by br

CHAPTER II
QUANTITY OF ELECTRIFICATION

Use of the electroscope to indicate equality of charge—The two electrifica-
tions always appear or disappearin equal amounts whether the electrifica-
tior is by friction, by conduction, by induction, or by supply from current
—Eleetrification resides only on the outside surface of a conductor unless
it contains insulated charged bodies—An insulated charged conductor
inside a hollow conductor induces an equal and opposite charge on the
inside and an equal like charge on the outside—Imagined construction
of multiples and submultiples of an arbitrary unit of charge—Imagined
method of measuring any charge in terms of this unit.

‘ - - -
WE shall now describe a series of. experiments, some illustrating

the general laws of the production and distribution of electrifica-
tion, and others showing that we may make definite and consistent ;:.;
measurements of quantity of electrification. i
Use of the electroscope to indicate equality of
charge. If a deep and narrow metal vessel, such as an ordinary
round tip tanister, is placed on the upper table ofa gold-leaf electro- =
scope, it may Jbe used to detect a very slight charge of ‘electri-
fication ona body, by the introduction of the body within the can.
It is not necessary to communicate any of the charge to the can,
for it will act inductively, calling up an opposite charge on the
inside of the can and sending a like charge to the gold leaves.®
As the body is being lowered within the can the divergence
the leaves rapidly increases at first, but soon it approaches a lim 3,
which it does not exceed, and the leaves remain practically fixed
however the body be moved about within the can, mlﬁq&i
does not come near the open top. NP 3 X
If the can be closed by a lid with only a small ;
insulating holder of the body to pass through, the

7
- -

& g’_l:L -

.'1:':-1“

brought quite close to the top, without change in th
of the leaves, Thus a change in the position ch
within a closed can does not affect the indica

scope connected with the outside of the can.
* In the experiments described in this
ut the gold-leaf elec

is wuch more easily used th
s - e .’:""?.4.*
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of great importance, may be verified with great exactness bf’
connecting the can to earth until the charged body is inserted.
The indueced like electrification on the outside of the can is
: discharged and the leaves remain together. They are then in the
- most sensitive position, and the sensitiveness may be still further
2 increased by approach of the side plates. If th¥re were any
change in the effect on the leaves due to change of position of the
inside body it would now be noted most easily.

Here we have a definite effect due to a charged body, which
may be easily observed, and one which is consistent. For on
successive withdrawals and insertions the same divergence of the
leaves is obtained, and the exact position of the charge within the
can is unimportant. We may, therefore, use this effect to compare
two different electrifications as to quantity. If two charged bodies
inserted successively, produce the same divergence, they are to be

; regarded as having equal charges. If the divergence is not the
R same the greater divergence corresponds to the greater charge.
- £ Again, if two oppositely electrified bodies are inserted in the can at
5_' E the same time, they tend to send opposite electrifications into the
?, leaves and so to neutralise each the effect of the other. Ithe
i leaves do not diverge at all, the charges are to be regarded as equal :
. _in amount thongh opposite in kind. We have thus defined what

- we mean bv equal charges on different bodies, whether like or
~ oppositein kind, and we can now state the fundamental law of the

s

~ production and disappearance of electricity, viz. :
~ The two electrifications always exist in equal amounts. If any

g

 amount of one appears or disappears, an equal amountvof the other
~ appears or disappears at the same time. -

- The truth of this law may be tested by the following simple
~ experiments with the gold-leaf electroscope and can.

- Electrification friction. If a rod of sealing-wax and a
. rod of glass are rubbed together within the can the leaves do not

- & diverge. They are both electrified, however, for on withdrawing
e of them the effect of the other is at once evident. But since,
_._ _-;m%dmwﬂ of one, the leaves did not diverge, it follows
. the two kinds of electrification are produced in equal

one on the sealing-wax and the other on the glass. .

e other pairs of substances, and in every case we shall '

wo bodies rubbed together are electrified oppositely

n by conduction. If we firstlower aninsulated o A :
‘into the space inside the can, touching the canto g
leaves refnain together and in the ¢

of charge, and if we then
ductor into the can tillit
1 takes place from the -.xﬁ*** e
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how it is on two bodies. Again, charging the second body
oppositely to the first before inserting it into the can, and kéeping
the can untouched to earth until both conductors are within it
but not in contact, if we now bring them together the smaller
charge will be entirely neutralised by a part of the larger and will
disappear, whtle the rest of the larger charge will spread over both
bodies. But the electroscope remains unaffected by this process,
or the algebraic sum is still the same. The two kinds have,
therefore, disappeared in equal amounts.
Electrification by induction. Returning to the first of the
two preceding experiments, while the second uncharged body
was being lowered into the can it became electrified by induction
on approaching the charged body. This we know from our
general experiments on induction, described in Chapter I.  Since
the electroscope gave no indication of change of amount, it is
evident that equal and opposite amounts must have been induced
on the body. The unlike was near the first body, the like remote
from it. On contact the unlike was neutralised by some of the
charge on the first body. So that it is again evident that the two
kin®® disappeared in equal amounts, :
Electric current. We shall see hereafter that the electric
current as produced by voltaic cells or dynamos may be regarded
as a conduction of electrification along the wire in which it occurs.
The quantities conducted even in a short time are usually
enormously great compared with the quantities with which we
deal in experiments with the gold-leaf electroscope on charges
produced by friction or induction. Making a small voltaic cell,
and connecting the plates together by a wire so that the current
flows, let us insert it within the electroscope can. No vestige of
charge is shown. Hence the two kinds are being produced and
are disappearing in equal quantities. B
The distribution of electrification on conductors.
Electrification resides only on the outside surface of conductors, «
unless, being hollow, they contain insulated charged bodies. Na
If the ('l_uep can of the previous experiments, or refe@bljr_;_aj_
hollow insulated metal globe with a small opening to the inside, I8 4
charged in any way, a proof plane inserted inside through the
opening by an insulating holder and brought into contact with the
inside shows no trace of electrification on withdraw | A
charged conductor is brought within the hollow condt
touched to it, it is entirely discharged. On contact i
of the inside of the hollow conductor and can no loi
electrification. Ky ‘ gei: S
ade
e

Faraday (Exp. Res. vol. i. §§ 1173-4) m
large scale to show that the charge of a conc
outside. A cube %with cach edge 12 ft. long
wooden framework covered in with ;
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and charged by a powerful machine till * large sparks and brushes
were darting off from every part of its outer surface.” Faraday
* went into the cube and lived in it, and using lighted candles,
electrometers, and all other tests of electrical states,” he was unable
to detect any charge Within the cube.

Faraday devised a very simple and interestin® method of
showing that charge resides only on the outer surface of a con-
ductor by an experiment known as the * butterfly-net experiment.”
A conical muslin bag (Fig. 204) which may be 10 or 12 inches
long is fitted on to a ring about 4 inches in diameter, placed on
the top of an insulating pillar with a base fixed to thetable. The
muslin is preferably shightly starched. After it is starched two

. Fic. 20a. .
11"" insulating silk threads are attached to the apex, one inside, one
~ out, so that the may be easily turned inside out merely by
~ pulling one of the t rea! . A charge is then communicated to
~  the bag, and it can be detected on a proof plane which has been
ied to the outer surface while no charge is thus detected on
aner surface. The bag is then pulled inside out by one of
ds, and the outside, which was previously the inside,
ess the whole charge. :
ansulated charged conductor is brought within a hollow
28 an equal and opposite charge on the inside of the
hile an equal like charge goes to the outside. -
spresent a deep can on the table of an electro- A Ry A
lively charged insulated conductor be inserted Til
: the can and in the leaves there is a
hown by the collapse of the gold leaves

body, say an
e, or W8 B
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outside of the can and the gold leaves become negatively electrified. -
We may at once prove this by again bringing up the ebonife rod,
when the leaves will diserge still further. Now, discharging the
- electroscope and again inserting in the can
the positively charged *body, we know from
> our experiments on induction that the quan-
tities on the inside and the outside swifaces
of the can are equal, though opposite.
Touching the charged body to the inside of
the can, it is entirely discharged, and at the
same time the inside charge of the can dis-
appears, while the outside charge is un-
affected. Hence the inside charge must .
have been exactly equal in amount, though
opposite in kind, to the charge %n the
inserted body. Faraday used the cube
already described to show that a charge
e R within a conductor induces an equal and 2
o T ) e i opposite charge on the inner surface of the
= - conductor. For this purpose he passed a
long glass tube through the wall of the cube
AT so far that it reached well withinit. A wire
from a large electric machine passed through
the tube, and by discharge from the end of the
1 T wire the air within the cube could be highly
~ electrified. If while the machine was being
F16. $1. worked the cube remained insulated, the
«  outside became strongly charged. If it was
put to earth this charge was conducted away. If at the moment
that the machine was stopped the cube was insulated again, no
charge gathered on the outside, showing that the electrification =
of the air within was exactly neutralised by the charge which it
induced on the inner surface of the cube. S L5 Ay
Imagined construction of multiples and sub-*
multiples of an arbitrary unit of charge. Before pro-
ceeding further with the account of electric induction it may
assist us if' we consider a method of making quantitativ e
ments of charge which deEends upon the foregoing e
The method is impracticable owing to the impossibil
insulation, but, as a conception, it is a legitimate d
the principles to which we have been led, and it s
that we can attach a definite meaning to the term *
electricity.” A T G S e
Let us suppose that perfect insulation is possi
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- Let a small can B have a lid furnished with an insulating
5 handle % and let the under side of the lid have some arrangement
- by which the base of A can be attached when A is inverted. Let
H be an insulating handle by which the can may be lifted up. Let
an insulating base plate be fixed to the can. Let C and D be two
other cans similar in general plan to B, but large enough to con-
tain it. Let a metal piece S be fastened to the lid of each of the

e larger cans so as just to touch the smaller can when inside.
We shall now show that we may give to C a charge equal %o

2 - O g iT+E

\

+ + + +
F =

_ wany positive multiple of the unit, and to D a charge equal to any
gative multiple. To charge C with a positive multiple, place
nit within B, place B within C, and put the lid on C, taking
ot to touch the conductors in any case, but moving them
y their insulating handles. "Then following out the process
of the upper row of diagrams in Fig. 22, it is easy to o
B is taken out of C, C will have a positive unit on
Jn taking A out of B, B may be inserted in D, as a1 o
ower row, and its negative charge is imparted =
B out of D, B is free from ciarge. As AT RS
¢ we may repeat the process any number of
' a positive unit to C and a negative
‘preparation in this way of a

L
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with another. then sharing one of the half units with another,
and so on, we may suppose sub-multiples prepared on the scale
3.4 4 &e. .
Imagined method of measuring any charge in
terms of the unit: We may now use these quantities some-
what as we use the weights of a balance. Suppose that we wish
to measure the quantity of electricity on a given body, let us
place it insulated within an insulated can connected to an electro-
sc8pe. Then let us place within the can and also insulated from
‘t quantities of the opposite kind of electricity until the leaves of
the electroscope fall together. Then the two kinds are equal in
amount. It is evident that we may keep the can to earth while
we are inserting the charged body and the opposite quantities and
then test their equality by lifting them all out at the same time.
If the opposite charges are unequal the electroscope will at once

show a charge,

-
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CHAPTER III

PROPOSITIONS APPLYING TO
“INVERSE SQUARE” SYSTEMS

The inverse square law—The field—Unit quantity—Intensity—Force
between quantities my and ms—Lines of force and tubes of force— Gauss's
theorem—If a tube of force starts from a given charge it either continues
indefinitely, or if it ends it ends on an equal and opposite charge—The
product intensity X cross-section is constant along a tube of force which
contains no charge —1If a tube of force passes through a charge and ¢ is
the charge within the tube, the product intensity x cross-section changes
: by 4xg—The iotensity outside a conductor is 4wo—Representation of
intensity by the number of lires of force through unit area perpendicular
to the lines—Number of lines starting from unit quantity—The normal
component of the intensity at any surface is equal to the number of
lines of force passing through unit area of the surface—Fluid displace-
ment tubes used to prove the properties of tubes of force—Spherical
shell uniformly charged —Intensity outside the shell—Intensity inside
the shell—Intensity at any point in the axis of a uniformly charged
circular dise—Intensity due to a very long uniformly charged cylinder
near the middle—Potential—The resolute of the intensity in any
direction in terms of potential variation—Equipotential surfgces—The
- energy of a system in terms of the charges and potentials—The potential
.~ due to a uniformly charged sphere at points withou? and within its

- surface,
B
- The inverse square law. In the chapters following this we
- shall show that certain actions at any point in a space containing
Electric charges may be calculated on the supposition that each
of charge exerts a direct action at the point proportional
e element, and inversely proportional to the square of the
nce of the point from it. Tge same method of calculation
or magnetic and for gravitative systems. It is to be noted
the supposition of direct action according to the inverse
aw is adopted merely for the purposes of calculation,
nts show that it i’wm correct results, but, as we shall

Lo gy
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dealing with an electric system in which the charges are separated
by air. Some of the pt'opositious will, however, apply at once to

magnetic and gravitative systems if we use corresponding units of
measurement.

The field. The space in which the ‘action of a system 1s
manifested is*termed its field. ‘

Force between quantities m, and m, Experiments which
are described in Chapter V show that a small body charged with m,
acts upon a small body charged with m, and distant d from it with
a force proportional to m, m, [d?, whatever be the unit in terms of
which we measure the charges. _

Unit quantity. The inverse square law enables us to fix on
the following convenient unit: If two small bodies charged with
equal quantities would act on each other with a force of 1dyne
if placed 1 cm. apart in air, each body has the unit charge on it.

This unit is termed the Electrostatic or E.S. unit. If two
bodies have charges m, and m, in E.S. units and are d cm. apart,
the inverse square law shows that the force between them is -
m, m,[d?* degrees. ) ' - o

Intensity of field. The intensity at a point is the force :
which would act on a small body placed at the point if the bedy
carried a unit charge.

The intensity due to a charge m at a distance d is m [d*.

Lines of force and tubes of force. If aline is drawn in the
feld so that the tangent to it at any point is in the direction of the
intensity at that point, the line is termed a line of force. A bundle
of lines of force is termed a tube of force. Or we may think of a

_ tube of force as enclosed by the surface obtained by drawind the
. lines of force through every point of & small closed curve. _

We shall now prove a theorem due to Gauss which enables us to
obtain the intensities in certain cases very simply, and which also
<hows us that lines and tubes of force indicate for us the magnitude

as well as the direction of the intensity af =
every point in their length. : Al

Gauss's theorem. If we take any
closed surface S, and if N is the resolved part
of the intensity normal to the surface at the =
element dS, positive when outwards, n gative

when inwards, then f NdS=47Q, vh

[}
";

._’?

pale gl 200
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the whole no Contribixﬁofi tb |
~ To prove this let us consid

T F16. 2. = of charge ¢, s}liu_gtg
S e G * * closed surface, sus
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~ be represented on a larger scale in Fig. 24, in which AHBK repre-
~sents dS.  The intensity at dS may be taken as g/OA? outwards
‘along the axis of the cone, and if 6 is the angle which the axis

makes with the normal to AHBK, then N = i (L)(R_B , and
X 3
s _ gdScosf
Nds “OAT

But if we draw ALCM, a section of the cone dw, thiough A
.

F1a. 21.

ndicular to the axis, the angle between AHBK and
- A M is 6, and since dw is so small that BC is practically parallel
o AO ALCM = dS cos 6.

L

gALCM .
. OA2

=qdw

"':'[f we now sum up for every element of the surface, the
contri twnofqm

deS fqdw-—qfdw = 47q

| ;total;olid angle round ¢ is 4.
rmal intensity at any point of S due to any number of
charge is equal to the sum of the normal intensities due
nents. Hence for the whole charge Q within S
;_up all the quantltles such as 47¢, and so

L "_'Hence NdS —
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will hold good for every elementary cone drawn ,fromO to cut 5,"'“1

and therefore an element of charge ¢ without S onthe whole makes ek

no contribution to f NdS, and only the charge within S counts. -
We have taken the simple case in which each cone drawn from

a point insde cuts the surface once, and each cone from the out-

F1a. 25. ' . S W

side cuts it twice, but it is easy to see that the results are true if e
the surface is re-entrant, so that it is cut any odd number of .,;i
times in the first case and any even number of times in the second f-';‘-
case, : -
We shall now apply Gauss’s theorem to tubes of force. SR
If a~tube of force starts from a given charge it either
continues indefinitely, or if it ends it doesso on an equal
and opposite charge. Let a tube start from a quantity ¢ on:
an element of surface S,, Fig. 26.  In describing the tube as startin;g&_
from g we imply that within 8, the intensity is zero. ‘ &

Suppose that the tube continues some distance from 51&“
. &

- ot

s

&

«

P

- 2

-

~ that it ends at P, as 'r“eliomﬁted: in_the figt
~ any other charge. Prolong the
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ides of the tube the ?u’ten'si'ty is parallel to the surface of the
tube and has no component perpendicular to it, and therefore
=-"' deS:O. But f NdS = 47q, since g is the charge within. Then
47¢=0aud ¢=0. - |
%}"" Then the supposition that the tube, starting from any real
- charge ¢, can emf at a point in the field where there is no charge,
" is inadmissible.

R Now suppose that the tube begins at S, Fig. 27, on a charge ¢,
~ and endsat 5, on a charge ¢,. By ending we mean that within S
F:.

N

. -

:;\

=

L paddh i SASI R,

* -
-

Fra. 27.

b - -

Iﬂﬁle intensity is zero. Prolong the tube as dotted within S, and S,
~ and thus make two ends. Apply Gauss’s theorem to the closed
_.- rface thus formed. Then deS=O, since N=0 at every point,
~and 47(g,+¢,)=0. : :
- Hence ¢,=—q,. :
'~ The product intensity x cross-section is constant
- along a tube of force which contains no charge. LetS,S,,
- Fig. 28, be two cross-sections of such a tnbe, and let I I, be the inten-
sities at those sections. Let us apply Gauss's theorem to the closed

Fro. 28, ‘
bel'sean 8, and 8, and by the ends SIS_,. . i
: he  since the intensity is alon'g,

_,;-_vert_he end S_,,_ Nd& = -- '

P
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If a tube of force passes through a charge and g is
the charge within the tube, the product intensity x
cross-section changes by 47q. Let 5,8, Fig. 29, be such a
tube having charge ¢ within it between S; and S, Applying

0 \

Fia. 29.

Gauss’s theorem to the tube and its ends S,S,, it is evident that
LS, — LS, = 47q.

The intensity just outside a conducting surface is
normal to the surface. Let a, Fig. 30, represent the section of
a small circular area of a conducting surface charged with & per
unit area, and let a be so small that it may be regarded as plane and
the surface density of its charge as uniform. Letit becircular. Let
P,P, be two points on the axis of a respectively at equal distances
just outside and just inside the surface and so near that P, P,is
indefinitely small compared with the radius of a. o

Now the intensity at any point may be regarded as the zesultant =
of the intensity due to a, and the intensity due to the rest of the a

surface and to other bodies in the

R system which we may denote collec-

tively by S. At P, the intensityis
zero, as it is a point within a con-
ductor, so that the intensity thére
due to S is equal and opposite to it
that due to . From symmetry,

that due to « is normal. So also
must that due to S be normal. A
P, the intensity due toS is th

Fi1c. 30.

~is equal and opposite to its value at Py and is t
and in the same direction as the nltalm!l(‘.y'dgeJF '

¥ - normal to thesurface. -
SN A 0L T The intensity just ou
. is the charge per unita
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e ¢

. suppose that the tube in Fig. 20 starts from unit area on a con-

~ ducting surface at g. Then the charge at ¢ is 5. Let the tube
~ be prolonged within the conductor and be made to end at S,.
~ Then I, = 0, since there is no field within the conductor. Then
RN d7o. If S, 1s close to the surface, by the last proposition
it is parallel to the surface, and also has unit area, and therefore
I — ‘i"n"ﬂ".
| . Representation of intensity by the number of lines of
- force through unit area perpendicular to the lines. Along
a tube of force intensity X cross-section is everywhere constant if
there is no charge within the tube. Draw a cross-section S, where
the intensity is I, and imagine that through each unit area at S, I,
lines of force pass along the tube. "There will be in all IS, lines
in the tube. Let S, be a section further on where the intensity is
I;. All the I;S; lines pass through S,, and the number through
ESy » IS

=-—22=1,, or will be equal to the

~ intensity at S,. Hence if we draw lines of force from any surface at

~ therate of I lines per unit area (the area being perpendicular to the
* intensity I), the number passing throngh unit area at any point in
*\f ~ their course (the area being perpendicular to the lines) will be equal
- to the intensity at that area.
. If the area of the surface from which we draw the lines is S,
~ the total number through it, f Ids, is termed the flux of force
~ through S. The magnitude of the intensity, as well as its direc-
- tion, is therefore indicated by the lines of force when ®rawn on
. this scale. Where they are closer together the fRld is stronger ;
hene thege()pen out the field is weaker.

- Number of lines of force starting from unit quantity.
- If acharge ¢ is at a point, the intensity over the surface of a sphere

- radius 7 drawn with the point as centre is ¢/72. We must then allow

q9]3* lines _pcr unit area, or hr’—rqz = 47¢ in all. That is, from
f ¢: ¥wq lines start, and from unit quantity 47 lines

unit area of it will be

oy 1.!""" -

tube of force contains a charge ¢ at any point the flux of
e have seen, changes by 47y, that is, the charge ¢ adds
e already going along the tube.
component of the intensity N at any sur-
 the number of lines of force passing

= surface, and lef I, the intensity, make

of the surface. Let AB, Fig. 31, repre-

) AB.  Let AC represent the projee-
' \C = acosf. The number

.-é‘ -

.;-
A
5

by ¥ b 13
o,




: FouRa. =

38 STATIC ELECTRICITY: “siae v o

The total number of lines of force through a surface
is equal to the sum of the numbers proceeding from each s
element of charge considered separately. For if gis one
element the number which it sends through an area q at distancer
qa cos B : |

> |
-

The total number sent by all the elements 1s

i - P &
e W 2 L8
T o - -

- A

18

‘where @ is the angle between the normal to « and =

. gacos B ~q cos 0
u—-—-—_'—\ q = —_— ﬂkﬂq = .
2 -
cos O . . e
But 37 >~ — sum of components of intensities along the normal

e
= N, which proves the proposition.
We can now state Gauss's theorem thus: 7%e total flux of force

A :
N
h“‘ I -
(2] s
A 8 B %
5
T _
Fic¥ 81, Oy e iy R

through a closed surface is equal to 4w X charge within, or is equal
to the number of lines of force sent out from that charge. - -
Fluid displacement tubes used to prove the properties =
) of tubes of force. The properties of tubes of force may be
deduced from the properties of *“tubes of displacement ” in an
incompressible fluid, and as these tubes of displacement form a
valuable symbolic representation of the tubes of fgmp.iﬁ_-maﬁngﬁ cog
—and to some extent in electric—systems, we shall here add this ==
mode of proof. : SN e
Imagine space to be filled with an incom; |
« sources ™ at various points at which fresh fluid car
~ and ‘*ssinks™ at other points at which Hluid can
B Pty If a small volume © of fluid be introduced at a‘::? |
et o make room for it an equal volume » must be pushe
every surface surrounding O. Draw a sphere ro

~ with radius OA = 7, and let the fluid
~ be pushed ott to the concentric

The volu,ﬁle ‘whig
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~ wis small, d also is small, aud the volume between the surfaces is
- 4xr3d. Hence
a v = 47rid

e ' 4 S 1
4]

-

3 |
5

That is, the displacement of any particle varies inversely as the
square of its distance from the source.

> Now imagine an electrical system in which a charge ¢ is put
at O. The ntensity will be numerically equal to the fluid dis-

g

~ placement if we make ¢ .=:—. If the point O isa sink instead
: T

E of a source, and if volume v of fluid is removed, the displacement
~ isreversed and is equal to the intensity due to a quantity of nega-
5" tive e]ectricity —q=— _;-‘—T placed at the sink.

X Evidently if the quantities of fluid introduced or removed at
~ the various points of a system are exceedingly small, we may com-

. pound the displacements due to each separately, according to the
vector law, in order to obtain the resultant displacement. We
may, therefore, imagine a fluid system corresponding to any

- extended gravitative, magnetic, or electric system, the matter in a
" gravitative system being replaced by a series of sinks, while North-

-~ seeking maguetism and positive electricity are replaced by sources,
~ and South-seeking magnetism and negative electricity are replaced
. by sinks. The quantities of fluid introduced or withdrawn are
~ proportional to the quantities of matter, magnetism, or electricit

~ which they represent. Lines and tubes of flow in the fluid system
= will then follow the same course as lines and tubes of force in the
" corresponding force systems. Drawing a displacement tube in the -
. fluid system, since no fluid passes out through its walls, equal

_quantities must pass across every section in any part of the tube not -

edntaining sources or sinks. If, then, 4, d, be the displacements TN 1
at two sections 8, 8,; 4,8, = 4,S,, or displacement X cross-section foea- i
is constant. Replacing displacements by the corresponding and =~ ,i

- intensities, we obtain for a tube of force the f'-._"’.‘—.'z".,'_'-'-?_-‘.;..i

g property that intensity X cross-section is constant.
 also prove easily the other properties of tubes of force, &

ave to the reader. 25
ow find the value of the intensity.in some simple - F

. a sphere, Fig. 83, over which
" be a concentric sph




charged circular disc. Let AB, Fig. 34, be a diameter of the

n—dScosO

P o e A e
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by Gauss’s theorem 477 *I=47Q or I= Q , that is, it is the same as
1 :

if Q were all concentrated at the centre.

It is obvious that for a gravitating sphere arranged in con-

centric shells, each of uniform density, the same result holds, and

. the attractive intensity at a point

e T outside the sphere is the same as if

the whole mass were collected at the
centre.

Intensity inside the shell.
Now draw a concentric sphere S, of
radius 7, inside the shell S. The
intensit}' I over S, is from symmetry
Lven\-.hcre nurmal to S, and every-
where the same in nmgmtude Then
4772, ] =47 x 0=0, since there is no
chal‘ge within S,. Hence 1=0 every-
where within S,. 2

It is obvious that if S is the sur-
face of a gravitating sphere arranged
in concentric shells, each of' uniform denslt} the shells outside
S, produce no intensity at S,, while the shells within act as if all -~
collected at the centre. :

Intensity at any point in the axis of a uniformly

disc, and CP its axis. The intensity at P: \\1]] from symmetry, be
alung CP.e Let the charge per unit area of the disc be o. T his is

<

o]

L]

It‘xq. 84,

termed the surface densnty of

~of any element to the intensity we need only cons

part along CP. Take an elemenf,bﬁguﬁf
EF and let EPC=6. The anten '

But if we dmw .“' ¢




—._z:-‘ﬂ'»-,--f" N
 “INVERSE SQUARE ™ SYSTEMS 41
f is the angle between dS and 'the cross-section per pendicular

tn PF. The solid angle of the cone is therefore dw-—dblff: G.-

Hence dS contributes rdw.
The whole disc then gives intensity & x solid anglt subtended

- by the dise. If we draw a sphere radius PA the area of this
sphere cut off by AB is 27.PA.CG, where PG is the radius through
C and the solid angle which it subtends at P is 2rPA.CG [P A®

=27PA(PA— PL)/PAL—"’*(]—L(% a), where a= APC. .

The intensity at P is therefore 27g(1—cos a). If the radius
of the disc is \er_) large compared with PC, a is very nearly 90°,
and the intensity is very nearly 275

% Whatever the form of the disc may be, so long as it is plane
~ the intensity will still be 274 if the r: adius to the nearest point of
~ the edge makes an angle with PC indistinguishable from 90°.

For the whole of the area outside that (]l*»t ance subtends a

vanishing solid angle at P.
- Intensity due to a very long uniformly charged
- cylmder near the middle. In the plane pup(nduulal to the
~ axis of the cylinder and bisecting it the intensity is evidently
~ radial. Tt will be radial, too, at a distance from this plane small
-3 compmul with the distance from either end, if the distance from
~ the axis is also small compared with the distance from the ends.
~ Forif EE Flg 35, are the ends, and C is the central point, take a

- p
. . . l .
B - E F C-B " E'
2 ‘ " - F1c. 35, '

~ point P, not qmte in the plane through C. Draw PD perpen-
dicular to the axis and make DF=DI). The mtumh due to

E is e\rldent]y radial. Thatdueto EFisin (.ompalr-on netrllglhle
since EF is by supposition not large, and it is very distant from
mmpﬂfed'wlth the part of the cylinder 1mmu11atcl_y under P.
> the int at P is radial. Further, if the p()bltloll of P
1ges smalﬁ amount parallel to the axis the intensity is
anged by a removal ofp small length from one end of the
to the other with negligible effect. Draw a cylinder
fm@ length PQ=1, Fig. 36, co-axial with the charged
i ly Gausss theorem to the surface thus formed

: same, and it has no normal component

w Ghlu'ged ﬁul'taCEI L

e have just seen, is normal over the circular

ndpr P The quantity of charga, 23 .(.
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If e is the charge per unit length = 2ruc By -‘:‘--_:'é‘- ..

: 1=2/r. e :;"

If P is inside the charged surface, the cylinder drawn through j

it now contains no charge, and we see at once that I=0. 2

Potential. The description of inverse square systems 1s very
much assisted by the use of a quantity termed the potential, which
we shall define as follows: :
* The potential at a point. If ¢ is an element of charge
and 7 is its distance from the point, the sum of all-the terms g /7, -

P Q

Fic. 36.

where each element of charge in the system is divided by its

distance from the point, is termed the potential at the point.
The potential is usually denoted by V. We have then V=2ZXg/r.

- We shall show that the potential at a point is equal to the

~ work done in bringing a small body charged with unit quantity

- from an infinite distance or from outside the field up to the point

against the forces due to the system. E

: Let an element of charge ¢ be at the point O, Fig. 37, and

let the small body with unit charge be moved from a point A by =

o

Fig. 37.
*x ~any path ABC to P. Let B be PothulY 3
pasp e BM be perpendicular to OA. The ‘ﬁ@tk""db_ll

1—,: ~ unit from A to B ig 'OgA_z IZ AM, sin ce AM?S" T

~_in the direction of the force. BIJ,I sin
~ put AM=0A—-OBand OA*=0A .
© The work done is therefore g ¢

" ' S Sl "’: r-i;."-,




ong BC =¢ (—1-*-'—1— )I,

.‘1%

> i

Simi rly the work do;ie' al

OC_ 0B
- 1 gkl
ez ., . . o=i(5po0)
~ and so on. .

*  When we add up, evidently all the terms but the first and
~ last occur twice and with opposite signs, and the total work done

a1 1
=g ( k. ___...), :
OoP OA

The work done from A to P is, therefore, the same, whatever
the path from A to P.

If A is at an infinite distance the work done to P is g/OP.
That is, it is equal to the potential at P due to Q.

The work done from A to P is equal to the difference of the
potentials due to g at P and A.

In any extended system we may divide the chargesinto elements
so small that each may be regarded as at a definite point. The
intensity at any pointin the field is the resultant of the intensities
~ due to the separate elements, and the resolute of the intensity in
. any direction is thealgebraic sum of the resolutes of all the separate
"~ intensities in that direction. The work done in moving unit .

~ quantity along any path is, therefore, the sum of the works done
~ against the forces due to the separate elements.
- Hence the work done in moving the unit from an infinite

5 "distance to the point P in the field is E—q—, or 1s equal to the poten-
-— P oP JIARSERNET

' ;hﬂ at the point. The work done in moving from Peto Q is evidently
_26% - 2(—)%-,, or is equal to the difference of potentials at Q and P.

~ The resolute of the intensity in any direction in
v ! cerms of p al variation. Let PQ, Fig. 38, be a given direc-
- #ign, and let X be the resolute of the intensity in that divection.

.,"\.. . 9 q; :‘«:’ ’ . ‘._-.; 3 ' g 3 \
e ., 7%
“':-‘ o -t 1 '

Fie. 38,

ork e against X in going from P to Q
havesupposed X to act from P to Q. Then -

_@ 'Ehe : llf;iﬂ.]!l at P and Q, twO neighbour- 5o |
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Equipotential surfaces. We have seen that we may
assign to each point in a field a definite number expressing its
potential. ITet us suppose a surface drawn through all points
having the same number indicating their potential. Such a surface
is termed an equipotential Hlllfd((. or a level surface. Since it is
all at one pbtential, no work is done in moving unit quantity in a
path lying on the surface. The intensity must, therefore, be
normal to the surface, In other words, it cuts the lines of foru:
averywhere at right angles. If we draw a series of equlpotcntlal
surfaces with unlt dlffueu(c of potential between successive members
of the series, their distances apart show the magnitude of the
intensity everywhere. For if I is the intensity at any point on
one surface and d the distance of the pomt from the next sur-
face, Id is the work done on the unit in going from one surface
to tlu- next. But this is by supposition unit work, then Id =1
orI =1/d.

The energy of a system in terms of the charges and
potentials If there is a charge ¢, at a point A, the work done
in bringing up unit charge to a point B against the force due to
¢y 18 G4/ JAB. If instead of unit charge we l)rlntr up charge g,, the
work done is ¢,q,/AB.

Let us suppose that we have a system consisting of elementary
charges ¢, at A, g, at B, g, at C, and so on, and let us put AB = T1zs
AC=w,3, BC = ry, and so on. Imagine that initially g, only is
in p051t10n, and tha at all the other charges are at infinite distances
away and apart from each other. Brmé, ¢, up to B. The work

dong is %#% Now bring g, up to C and the work done is ~
12 'Y
0% 4 P29

713 To3
Continue this process tlll the system is built up, and endent]y we

shall have the product of each pair of charges divided b ]{ thelr
distance apart occurring once and once only. The total wor done,

or the potential encrgy of the system, is therefore E—q—"ﬂ—" where we

sum for all pairs of elementary charges. .
Now suppose that all the charges are in position exoeptq,, wlnclg s
is at an infinite distance. The wmk done in bnngmgf_gl ,, .

position is ,
9192+ __13 e
i ey FEA.

_q@+m+“.;y'

lﬂ

S

== 91v1
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INVERSE SQUARE ™ SYSTEMS 45
Next suppose that all the charges are in position except ¢,
~ which is at an infinite distance. The work done in bringing ¢,

.-_: ~ into position is
! Do 4 Bls . .,
T1a Tes -
Cn(Erns )
s Tas
» L
=0V,
- where V, is the potential at B due to the rest of the system.
Proceeding thus with each element in turn, the total work is
7:V: + 9:Va + Vs + &c.=32¢V. But in the work thus done each
- product such as I udn oecurs twice, and twice only, once when ¢,

is brought up, and once when ¢, is brought up, and therefore the
total work done is twice the potential energy of the system. We
have therefore

. ' i
Potential energy of the system = -g‘.-_.qV,

where each element of charge is multiplied by its potential.
We may illustrate these results by considering
B The potential due to a uniformly charged sphere at
- points without and within its surface. Let a charge  be
~ distributed uniformly over a sphere radius OA = a4, Fig, 39. We

\ .
"y - Fi16. 3

LT - £ 4 . .

‘-rY‘I_ :

ame as if the charge were concentrated at O,

w
g sphere, as we have shown,

1
- e

3¢ illat the intensity due to the charge at any ..

up unit charge from an infinite ,. . A




since no work is done in carrying the unit fr
It is, therefore, the same as the value at 0. As a

is at the same distance from O,

. I r OA -a., I B -

The same result is obtained by putting the potential of the sphere g
equal to the value at A, which is obtained by supposing B to move = =

-
np to A, whence F

The energy of the charge, since it is all at the same potential, is

15 - e
-Q—Q‘ = ?sza. : ‘i‘




CHAPTER 1V

THE FIELD CONSIDERED WITH REGARD TO
THE INDUCTION OR ELECTRIC STRAIN
PRODUCED IN IT

The two kinds of charge always present and facing each other—Electric
=L action in the medinm—Electric strain—No strain in conductors when
= the charges are at rest—Direction of electric strain—The electric strain
R just ontside a conductor is normal to the surface of the conductor—
L Magnitude of electric strain—Variation of electric strain with distance
from the charged bodies: The inverse square law—Lines and tubes of
strain—Unit tube—Results deduced from the inverse square law—The
! transference of tubes of strain from one charge to another when the
&3 charged bodies move—Molecalar hypothesis of electric strain.

~ The two kinds of charge always present and facing

- each other. Experiments of the kind deseribed in Chapter II

show that the two kinds of electrification are always produced

together in equal quantities, that they accompany each other

~ while they continue in existence, and that on ceasinge to exist

~ they disa?penrin equal quantities. Sometimes, in emperimenting, we

* devote all our attention to a charge of one kind alone and speak as

. if it existed independently ; but it is of the greatest importance to

- remember that the opposite or complementary charge is really in AT
existence, c{)::'hﬂp@ on the neighbouring surface of a non-conductor
sed to elop the electrification which we are studying, or

., haps on the conducting table, floor, or walls of the room,

« SR
o
-

iy

50 that not onfy_ is it in existence, but is in the presence of the =
icing charge. If we have a charge in one room we cannot
: the com ementag charge in another. If we attempt thus to
rate the two kinds each will at once induce its own opposite
e inner surface of the surrounding conducting walls, Again,
we put a charged conductor “to earth ™ we sometimes speak
disappearance of the charge as if it merely spread away to
iite conducting earth, But in fact we are making a con-
15 of which the charge and its opposite
neutralise each other. The two kinds of

ent together in the electric field, each,

§117 S, ™




 of the contiguous insulator, somewhat as the
- of a hydraulic press may be regarded as a sur
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48 STATIC ELECTRICITY =

cannot be charged absolutely,” z.e. with one kind of electrification
alone in existence, * but only relatively ™ to other bodies some-
where in their presence which take up the opposite charge * and
by a principle which is the same with that of induction. All
charge 1s sustained by induction.” ;

We may arrange our experimental knowledge of induction
more clearly by the aid of a hypothesis, originally due to Faraday ™
and subsequently developed and extended by Maxwell. We shall
Jere give a general account of this hypothesis, filling in the
details as they become necessary for the explanation of the various

oints in the theory of electric action.

Electric action in the medium. Let us suppose that a
charused insulated body is placed within a hollow conductor. We
may think, for instance, of a charged brass sphere hanging by a silk
thread in the middle of a room. Then there will be an opposite
charge on the walls. In describing the two opposing surfaces as
electrified the most important experimental fact which we connote
is that the two surfaces are being pulled each towards the other.
This action was formerly supposed to be direct, each little bit of
wall surface, for instance, pulling at each bit of brass surface at a
distance, the intervening matter playing no part in the action and
being unaffected by the existence of the two electrified surfaces
between which it lay. But Faraday succeeded in showing that

the action varies with the nature of the intervening insulator, -
and we may describe the variation by saying that the pull on the |
electrified surfaces with given charges is greater with some %

insulators than with others. This fact is entirely unexplained,
unless we adopt the view taken by Faraday that the insulator &
lays an essential part in the action. He supposed that it is
altered in some way during the process of electrification, so that it
excrts pulls on the conducting surfaces with which it is in contact.
In fact, he regarded electrical actions as similar to the drawing
towards each other of two masses connected by a stretched india-
rubber cord. In the case of a cord the pulls on the masses depénd * =
on the nature, quality, and strain of the cord, and can be ex 2t
in terms of the strain. The energy which appears in the motion
of the masses is regarded as having been previously stored up as =
strain energy in the cord during its stretching. So the electrical T
pulls are supposed to be accompanied by a condition in the in-
sulating medium analogous to strain and to be expressible in terms
of this condition, which we may call electrical strain. The elee-
trical energy is supposed to be stored in the medium during the
electrification and to pass out of it again on the ‘motion of tk
charged bodies towards each other or on the neuﬁuhhﬁon%f
charges. The electrification of a conducting surface may
be regarded asa surface maniféstation of an alteration in th

& ”
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 THE INDUCTION OR ELECTRIC STRAIN 49
" the compressed state of the water which connects it with the plunger.
~ When I‘Eamda_\' first gave this account of electrical action it was
* = only supported by the variation of the effect of a given charge
Ft with variation of the medium, and no independent evidence of the

state of * electrical strain™ was in existence. But it has been dis-
- covered that some insulating media when between charget surfaces
E‘_ are affected in regard to the transmission of licht. Unless we
. make the further and very far-fetched hypothesis that the light
¢ itself is acted on at a distance by the charged surfaces, Faraday’s
E supposition becomes for these media a proved fact. We have also
3 good evidence of electrical strain in the electro-magnetic waves dis-
. covered by Hertz and used now in wireless telegraphy. We know
~  only one way of explaining the phenomena discovered by Hertz,
- viz. by the supposition that the disturbances are waves travelling
~ through the air with a definite velocity. Thisimplies the existence
of both electric and magnetic energy in the air. The electric energy
. implies the existence of that which we have called electric strain.
© It is also called electric polarisation, electric displacement
L (Maxwell) and electric induction (Faraday).
No strain within conductors when the charges are at
© rest. When the charges and the charged bodies in a systemn are
~ at rest this condition of electric strain is confined to the air or
. other insulator between the charged snrfaces and does not occur
* within the substance of the conductors. This is evident if we
~ consider the experiments already described with closed conductors.
- These show that a hollow closed conductor may be regarded as
- entirely screening the space within from the space withomt. No
~ electrification is induced on bodies within by external charges ; no
~ mutual pull is exerted on an electrified surface inside by an
o electrificd surface outside. Interpreting these facts by Faraday’s
h esis, we must suppose that the substance of the conductor
- 18 not itself in a state of electric strain. If it can acquire that
- condition it rapidly loses it, being incapable of permanently
storfng electric energy. The electric strain which exists in the
- insulator and which is manifested by a pull on the charged surface
of a conductor ceases at that surface. The pull outwards on the
ictor, of course, strains it, and corresponding to this strain
15 a stress between the external layer and the layer beneath
1 neutralises the ontward electrical pull.  But the strain in
iductor is an ordinary elastic strain, not an * electric strain,”
of a visible kind which can be calculated
rties of the conductor, though it is too small
* no recognised electric phenomena con-
¢ of the electric strain in the insulating
» though we may make guesses as to
strain ™ from analogy, since there

Ay
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the insulator, it is usual to callit the Dielectric. The region round
a system in which electric strain is manifested is termed the Field
of the system.

Even though at present we can give no complete explanation
of electric strain, we can still compare the magnitude of the strain
at different points of the field by means of some chosen effect due _
to it, and we may also assign direction to it. For instance, the
magnitude may be taken as proportional to the force on a very
small charged body, the direction coinciding with that of the force
exerted. Or some other effect may be taken, such as the charge
which gathers on either side of a proof plane when held perpen-
dicularly to the direction of the force.

Similarly, without attempting to explain the nature of a beam
of licht when traversing a transparent medium, we may assign
s direction to it at any point—say that of the normal to a surface

held in the position of maximum illumination—and we may com-
pare the magnitude at different points by the illumination of an
interposed surface.
The direction of electric strain. ILet us suppose that
a small insulated conducting sphere is placed at any point in the
field. Then one hemisphere will be positively, the other nega-
tively electrified. This we know from direct experiment. There
will be one diameter about which each charge is symmetrically
arranged if the sphere is sufficiently small, its ends being at the
two points of maximum electrification. We may define the direction
of electric strain as that of the diameter so drawn, and we shall
conside~ it as drawn from the negative towards the positive
electrification, " ot
But we shall have similar symmetrical electrification at the two
ends of any small conductor itself symmetrical about an axis and
an equatorial plane, when the axis is placed
parallel to the direction of strain as above
defined.  For instance, if two proof planes
be held together in the position shown in
Iig. 40, the arrow-head denoting the direc- =
tion of strain, the one is entirely positively, =
the other entirely negatively electrified, and
Fia. 40, on separating the two while in this position
| ; the c{mrges may be shown to be equal and
s . opposite by the electroscape. ~ Further, the charge on each plane is ¢
e maximum when so held.  For on holding the planes at some oth
: angle to the strain, and then separating and testing the charg
these will be found appreciably less than when held as in Fi
When the planes are as in Fig. 41 the electrification
b cated, and on separating and testing the planes
g I A be unclectrified. From this-effect of indu
R T tendency of a positively electrified :

tively electrified body to move

e y -
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- Suspending a small elongated mn(lmtm say a piece of a match, a

~ straight cotton fibre, or a short puw of wire, by a cocoon fibre

passing as nearly as possible through its centre of gravity, the two
[ ends will be upposltd\ electrified unless the con-
' ductor is at right angles to the direction of strain.

When so electrified the ends will be acted on by
: forces constituting a couple, which will set the con-
~ ductor with its axis along the direction of strain as
e - a position of stable eq uilibrium. The position at
l right angles is endentl_y unstable. Such a conductor
F may be termed an “electric pointer.”
}
A

;,_;'-_veﬂ,‘ easy mode of indicating the direction of electric strain.
L

Finally, we may indicate the direction of strain
by the direction of the force on a very small posi-
hvel\ charged bady, say a pith ball hunp; by a silk
ﬁbre Its charoe should be so small that surround-
ing charges are ot sensibly affected by its presence.

Direct experiments in the field round a charged Fio. 41.

globe or round the knob of a charged Leyden jar
show that the three methods—(1) l)\ two proof plunu, (2) by an
: electric pointer, (3) by a charged pith ball—give the same direction
* for the strain.
3 We may use any of these tests for the direction to prove that
~  Theelectric strain just outside a conductor is normal
- to the surface of the conductor. Perhaps the simplest
- proof of this is attained by suspending a small electric pointer from
. theend of a thin ebonite or shellac rod and bringing it neas the sur-
- face of an insulated conductor, when it will always take the direction
~  of the normal. A very stnkmg verification is obtained by fixing
~ the pointer at some little distance from the conductor and then
ﬁ introducing another conductor, say the hand, into the field and
maﬂy bringing it up to the pointer. When the second con-
.i*‘ r is brought quite close to the pointer it will be normal to
this second surface. If pith balls be fixed by short silk fibres to .
_ the sides of n‘conductor, when the conductor receives a charge they '
ill all hang in positions agreeing with the supposition that the
ain is normal to the surface. Or if two proof planes be used, they ;
the maximum charge on separation after being held paml]cl to .o A
face and close to it, and no charge when they have been held SR,
ular 'h,bﬁie surface This last method enables us also to N AR
. tion of the strain is from a positively electrified
negatively electrified. The law thus proved
case of the more general law that positive
'l'.be aimetmn of strain and negative

e strain a component parallel to
lu electrification woultl move either "
- ion of the (‘harbedm.

a body is re ‘eleptrrﬁcamm, 'l, e

N A rr'_._..,
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strain is not then altogether normal to the surface, and the electrifi-
cation moves about until a distribution is attained such that the
strain is normal to the surface.  Then there is equilibrium, for,
the conductor being surrounded by an insulator, the electrification
can move no further. In the case of a conducting circuit carrying
a current produced, we may suppose, by a voltaic cell, equilibrium
does not exist, and the strain- has a component along the surface
of the wire from the copper terminal towards the zinc terminal,

v and therefore either positive electrification moves with it or negative
electrification moves against it, this motion of electrification being
one of the chief features of the current. While the motion goes on
there is also strain in the conductor itself, but such strain can only
be maintained by perpetual renewal, the energy for the renewal
being supplied by the cell.

The magnitude of electric strain just outside a con-

ductor. Usually we are practically concerned with the magnitude

of the strain only where it ceases at the surface of a conductor.
We shall take the amount of charge gathering per unit area on
: the conductor as the measure of the strain there. For instance, if =
" on a given conductor there is at one time twice the charge per
unit avea that there is at another time, the strain just outside the

conductor in the former case is twice as much as in the latter.*
=3 Definition of surface density. The charge per umt =
: area on a conducting surface is termed the surface density. The=S 8
3 surface density, then, may be taken as measuring the strain in the
T ~ insulator just outside the conductor. If we wish to measure the
' strain at a point not close to a conducting surface we may, bringa -
small conductvr there and note the charge gathering unit area
on one side or the other. But in’ general the introgl?;tion of a =
conductor into a system alters the strain in the part of the field
SR S immediately around it, so that the charge per unit area does not

P s s in general measure the original strain, though it is probably pro-

RO o FAL portionate to it. But there is one case in which the introduction
ARG of a conductor does not appreciably affect the strain in its neigh-
N R bourhood, viz. when the conductor is a small exceedingly thin
= & conducting plane held perpendicular to the direction of'-g:min, and
P A this case may be more or less nearly approached in practice by the
AT proof plane. By using a pair of exceedingly thmequa.l proof
e planes of known arca we may measure, at least in imagination, the
B strain at a point by holding the planes in contact at tk ‘
‘ normal fo the strain, then separating them and me
charge of either. The strain equalé the charge per unit
shall therefore take as a defimtion of the magnitude of stra

following :

-

.

Measurement of strain at any Egﬁl% |

* In taking this definition, it may b

 strain fails, for elastic strain has zero

~ dimensions charge [length =, gy
M:';’__‘,_.'i“ . & ' '_,.;- o

:.-..I:— 4 b g
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~ electric strain at any point in a medium by the charge per unit area
S gathering on a conducting surface which is introduced so as to
& pass through the point, but which does not alter the strain in the
| region immediately outside itself.

¢ Weshall usually denote the strain by D.  The quantity which
& 15 here termed electric strain is, as already stated, that which
-~ Maxwell termed *electric displace- - |

ment.” We have thought the
former term preferable as having no
meaning beyond that which we put
~ into it. The latter term almost
. drresistibly carries with it the idea
- that electric strain is a displacement
of something in the direction of in-
. duction, an idea which may prove a
. hindrance rather than a help.

3 The wariation of electric
-strain with distance from the
- charged surfaces or bodies.
- The inverse square law. If a
- conducting sphere A, Fig. 42, with a Fra. 42.

. charge + Q is hung by an insulating

. thread within a hollow spherical cavity in a conductor B, the two
= ;phencal surfaces being concentric, — @ will be induced on the
- inner surface of B. If the insulating medium is homogencous, then
- from symmetry each charge is spread uniformly so that if A and B
. are the radii and o4 o the charges per unit area or surface dénsities,

-: Q - 4‘5’(120'4: s Q = 47?[)20’1;

o

! P Q s~ & Q

the strain in the medium Just outside each surface is from
@entre and inversely as the square of the distance from the
' If we suppose the radius of the outer surface reduced till it

;wu
s

ghmnt close to P distant r from the centre, the
oy : ”?:;! mensured .by_ -;‘Q? But there is no reason to
h of the conductor towards the point
region between the sphere through P
- gt:amjust outside A still remains
s diffi cn]j: to i'ii:;gine this constancy
e medium a little way off.
. - Q

-
o,

M‘:Pla al ways
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by calculating it on the supposition that it is due to the direct
action of the charged surfaces, each little bit of charge g acting ;
directly at its distance d without regard to the nature, conducting
or insulating, of the intervening matter, and producing strain
4._:3([2 always from or towards itself according as it is positive or
negative, all the strains due ‘to the various elements being com-
ounded as vectors. For with this law of action, as we proved
¢ in Chapter III, the charge on B will have on the whole no effect
on a point within its surface, while the charge on A will have

the same effect as if collected at its centre, giving therefore e

as the resultant. Within A and without B there is no strain, a
result again agreeing with that obtained on the supposition of
direct action. For within A the point is within both spherical
surfaces, and neither will on the whole have any effect. Without
B each charge will have the same effect as if collected at the centre
of the sphere on which it lies. ~Being equal and opposite, the
two charges will evidently produce equal and opposite strains
neutralising each other. These resultssuggest the general law that—
The strain at any point of any electrical system with a homo-
weneous insulator may becalculated by su pposing that it is the resultant
of the strains due to separate elements of the charge, euch acting
according to the law charge = 4 (distance)?, these elementary strains
being compounded according to the vecior luw. _ _

- Assuming this, we may pass to the general case in which we
= have any assigned arrangement of conducting electrified bodies of
known shape possessing known charges, and separated by a homo-

geneous insulator. Whatever the distribution, we know (1) that
there is no strain within the ‘conductors, and (2) that the strain
just outside each surface is at every point perpendicular to the 3
surface. Assuming that the strain is everywhere, both in the
conductors and in the medium, the same as if each element acted
separately according to the inverse square law, it is possible to finda
eneral mathematical expression for a distribution which will
satisfy the conditions stated above, and it may be shown that
there is in each case only one possible distribution. “The mathe-
y in a few
1 = 3 4 "‘T_

matical expression can be interpreted numerically onl
oS cases. Among these cases are an ellipsoid with a ¢
. a sphere acted on inductively by a charged point, ai
e i spheres in contact. In some cases the results of
g been verified by experiment, and we may th efor
: the employment of the inverse square law is just

_I.l;‘_ -

* A proof of the inverse square law is freq
the fact that vhere is no strain within a
It is usually assigned to Oavendish.__’b%git
Priestley in his * Electricity,'" 1st ed.l
found in the Report of the Lritish A - €

T
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- Lines and tubes of strain. A line, straight or curved,
~ drawn in the electric field so that at every point of its course the
" tangent to it coincides in direction with the strain at the point is
~ termed a line of strain. 'We may suppose such a line traced out by
- an * electric pointer ™ moved always in the direction of its length,
 and with its positive end forward. Imagining the lines drawn
closely together and in all parts of the field, they map out the field
for us in regard to the direction of strain. There is no method

- like that-of the use of iron filings in magnetism which will show e
. the whole course of the lines, though sawdust scattered on a thin
. chonite plate gives some indication of the electric field. We may,
. however, have a number of pointers in the field to show the
~ direction at different points. It is interesting to study in this way
%: the field due to the knobs of two or more charged Leyden jars.
- We may show, for instance, that the field due to two similar jars

charged equally and oppositely from the terminals of an influence
machine resembles the magnetic field of a bar magnet.

A bundle of lines of strain forms a tube of strain.

Results deduced from the inverse square law. We may
- atonce apply to electric strain the results proved in Chapter III for
- systems in which the inverse square law holds. It is important to
. notice that the quantity which we have there called * intensity ”
- must be divided by 47 to give what we here call strain, for the
. intensity just outside a conductor is 47c, while the strain is o.
~ We have
- The product strain X cross-section is constant for every
. cross-section of a given tube. Calling strain x cross2section
7 -the total strain at the section, we may say fhat the total
R strain is the same throughout the tube.

~ Unit tube. If a tube starts from +1 of electrification it is
_ termed a unit tube. If the area on which that +1 is spread is q,
-and the surface density is o, then ca=1. But if D be the strain

ﬁal_lﬁide the surface, D=a'=l. Then just outside the surface

T % e ey o 4 ; o
, and this product is constant along the tube. The total _\'- 3
n a unit tube is, therefore, equal to unity. Rl

A tube starting from a given quantity of positive electri- ks
don erther continues indefinitely or ends on an equal i '
negative electrification.

mit begins on +1 and ends on —1, Then
L1, p. 25, that equal quantities of the two
ice each other is true not only of the
vate elements. We may connect
equal element of the other by a

' I' andremenlbering < iy ::_: ’
pabain, e

-"o.'_".' 5 -
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The total normal strain over any closed surface drawn in
-

o

A

the medium is equal to the total quantity of the electrifica-

tion within.

The total quantity is, of course, the algebraic sum of the positive
and negative electrifications.

- If the surface is unclosed we still
dl~ have a useful expression for the total
normal strain over it.

Fia. 43. If Fig. 43 represents a unit tube

with cross-section a and strain D,

Da=1. Let S be a cross-section making any angle 6 with a.
Then S=a/cosf. If Dy be the component of strain normal to

a
cos

S,Dy=Dcos6. Then DyS=Dcosf X

=Da =1. Or the

total normal strain over any section of a unit tube is unity.
Now suppose that we have any surface through which n unit
tubes pass. The total normal strain over their ends cut off by the

surface will be n. Or :

The total normal strain over any surface is equal to the
number of unit tubes passing through the surface.

The transference of tubes of

strain from one

charge to another when the charged bodies move.

We have seen that it follows from the inverse square law that
in an electric system occupying a finite region each element of
positive charge is connected with an equal element of negative
charge by a tube of strain. But if the charged bodies move, the

pairs of elements connected may change and we can see in a
general way how this may occur. As an illustration let us take
the case of a charged body originally near a conducting table,

Fig. 44, with nearly all its tubes going

P

down to the surface. ;j
:

4

- T R e
i 2

Suppose that then an insulated conductor
between A and the table. If B were an
through it. “But the parts of

since a conductor cannot mainte

the arrangement more oriesq,[;l '

: PERE.
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- pa m\'e elements of charge on A are now Jomed up to negative
- elements of charge on B, and positive elements on B are _]omed up

== 1o negative elements on the table.
If A and B are connected by an insulated conductor, most of

T T Ik.LL-. “_

—

| —

Fia. 45.

the tubes from A to B will move sideways into that conductor and
- disappear. Others of the tubes from A to the table will move

Fio. 46. Ry

myds, and the upper parts will melt away in the connecting
ﬁeﬁ' pomtlve ends will lie on B, and we shall have

._iable, as in lng,. .
meﬂiing hkaFl 47
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As another illustration, suppose we have two insulated spheres
charged with equal 4+ 5 and — 5 respectively and near together,
so that nearly all the lines of strain go from one to the other.
Let us further suppose that we have two plates charged with 4+ 5
and — 5, and with five lines of strain between them, as in Fig. 48.

Let us suppose that in the spheres the + charge is below and
in the plates the 4 charge is above. Then the lines of strain are

e e e

Fig. 48.

in opposite directions, as indicated by the arrows. Now move the
two spheres towards and finally into the space between the plates.
When the nearest lines of strain of the two systems come together
the strains are in opposite directions; and where they overlap they
will neutralise each other and disappear, and we may trace the
successive steps in what happens to one line of strain somewhat
as in Fig. 49. Repeating this process, we may imagine that in this :
way, say three out of the five lines of strain between the spheres

ra
=,

.
o WS TR

the arrangement shown in Fig. 50. We still have five
o - each sphere, but three come to the upper from the top
~ three go from the lower to the bottom plate, and onl
~ between the spheres. N it i TS
Molecular hypothesis of electric
SR to give here & hypothetical representa
) 3%.- dielectric when 1t is the seat of ele
ﬁ; ‘assuming that the molecules of the
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“each of two portions, one positively, the other negatively electri-
fied. and that the two portions are connected by tubes, or, as more
easily drawn, lines, of strain, and that they are pulled towards each
other by the forces accompanying the strain. In making this sup-
position we are really identifying chemical with electric attraction.

Fia. 50.

We must also have motion of the two parts of the molecule round
each other, otherwise the two would be pulled into contact and the
tubes would disappear. But we may for our present purpose leave
the motion out of account and conventionally represent a molecule
as in Fig. 51, where we suppose, for definiteness, that there are

~ five lines of strain connecting the two parts. If the dielectric is

in a neutral condition we must suppose that the molecular axes
are distributed equally in all directions, so that there are equal
numbers of positive and negative ends of axes faciag in any
direction, and there is no resultant electrie actmn outside, and

%  therefore no external indication of the molecular charges.

™ e

: t‘lfe medium is betwéen two conducting SN
become charged. We may suppose ~ +
— are moving along the surfaces, each
a tube of strain as PQ, and we &
:;:gi}b&gj it were, the molecules

-
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60 . STATIC EL = SR
suited for its purpose—those which will help it to stretch rom plate
toplate. Let « 3y be three such molecules. The line of strain PQ
coming against these will neutralise one of the lines of strain of
each in the way followed out in the illustration last considered, and
we shall get the arrangement of Fig. 53 changing to that of r~

Fig. 54, where now one line of strain goes across the spaces between

7 ;3 o
N Y

F1c. 53. ; -

g -

~  the molecules in the row forming a series of extended links in the
chain. 'The strain between the two parts of each molecule is not
only lessened, but the 4 of each is also now connected up to the
— ‘of the next, and so they will tend to move apart. There is

~thus separation of the constituents of the molecules, the begin-
ning of chemical dissociation, and this beginning constitutes the .

T, Fic. 54.
- electric stxain in the medium on the hypothesis considered. If a
SO second tube moxes into the same chain of molecules it will leave
~ three tubes between each portion, and there will now be two
- outside, and the separation 1s still greater. If a third tube moves
RIS, in there will be only two tubes between each portion of {thgo!pgll!nl -

= molccules, and three tubes connecting each with the opposite
portion of the next, and still greater separation. If five tubes
move in, then, there will be a total neutralisation of the strain
between the parts of the original molecules, and each will be con-
nected with the opposite of the adjacent molecule.
be re-pairing all along the line and no contin
The electrification will, in fact, have been destr
imagine that something of this kind occu
R e VL

begins. s
é’_ o .- ,.,_9 vt ;_-'}-,-_




THE FORCE ON A SMALL CHARGED BODY
IN THE FIELD, AND THE PULL OUT-
WARDS PER UNIT AREA ON A CHARGED
CONDUCTING SURFACE

The inverse square law for the force deduced from that for electric

strain—Coulomb’s direct measurements—General statement of the

inverse square law—Electric intensity—Unit quantity—Relation be-

tween electric intensity and electric strain—Intensity just outside the

- surface of a conductor—Lines and tubes of force—Outward pull per

- unit area on a charged conduocting surface—Note on the method ‘of
investigating the field in Chapters [11-V.

:
E[ ' CHAPTER V :
1

The force on a small body in the field. Electric £ 158
intensity. In the foregoing investigations of the mode in which Ry
~ electric charges are distri%uted and of the nature of electric induc- s
- tion, we have not considered the magnitude of the forceseacting on
. electrified bodies or the connection between thesg forces and the
~ strain existing where they are manifested. It is true that our g
3 fr‘_“m‘cﬂl method of fixing the direction of strain depends on the i
- direction of the forces on an electric pointer, and our measure of
. the magnitude of strain depends ultimately on forces exerted in an o 2
~ electroscope either directly or indirectly by a body charged by R ot
24 éﬂﬂcﬁpﬂ. Bnt these forces tell us nothing as to the forces acting i W
- on the body when in the electrie field before it was brought into
‘the electroscope. %e shall now investigate the field with regard
o the forces exerted in it. We may suppose that we explore the
e ﬁ!the of a small insula.te! conductor carrying a charge
ch is, however, so small that it does not appreciably alter the
: charges on the sirounding conductors.
are law for the force deduced from
- strain. We may without further ex-
 force on a small charged body may be
ay to the strain, i.e. by the application of
1 element of charge. For from the
1e small charged body every-
v that they must be pro-

-
L
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Let a charge Q, be placed at a point A, Fig. 55. Let the
force on a small charged body at P, due to Q,. be F, ard let the
strain be PC. Both F, and PC are along AP, produced. If the
charge Q, is removed and a charge Q, is placed at B, let the force
at P be F, and let the strain be PD, both along BP produced.
If the two charges coexist, the direction of the force coincides still
with that of the strain.

Now we know that the resulting strain represented by PE is
the resultant according to the vector law of the two strains repre-

F1a. 55.

<ented by PC and PD, and in order that the resultant of F; F, should
also be in the direction PE we must have

- Q,
F, PD" @,

or the force on a given small charged body due to an element of
another charged body is proportional to charge = (distance)®.

Further, asjuming that action and reaction are equal and 3
opposite, the force is proportional to the charge on the body at P.
For if that charge be Q the force exerted on the body at A by the

body at P is proportional to ﬁi, i.e. is proportional to Q. Hence

the reaction of the body at A on that at P which is equal and
opposite is also proportional to Q. Then the force exerted by the

body at A on the body at P 1s proportional to g—?,;

_ Coulomb’s direct measurement of the forces between
‘e electrified bodies. Having regard to the importanc of the
- law just stated, it is worth while to consider the direct method of
obtaining it employed by its discoverer, Coulomb. To measure
the force, he used the “torsion balance of which the general
arrangement is represented in Fig. 56. bc represents a *“torsion
] rod ™ of shellac with a pith ball & at one extremity, ¢ ar ‘d being
L s v «mall loads to keep the rod horizontal. Tt is end
B TR fine metal wire from the torsion head ¢

. and the angle through which the upper e
~turned can be read by means of a pointer p

-
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e
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fixed at the top of the tube through which the suspending wire
passes. The pmltmn of the torsion rod is read by means of ascale
running round the side of the glass case umtmmnu‘ it. A ball ais
at the end of a thin vertical shellac
rod which can be passed through a
hole in the top of the case and fixed
so that the ball is in the horizontal
plane containing the torsion rod and
at the.same distance from the centre
as the ball . The method of using
the balance will be understood from
the following account of one of
Coulomb’s experiments.

Both a and & being without
charge, the torsion head was turned
so that & was just touching a when
the wire was free from twist. A
charge was then imparted to a; it
was at once shared with &, which was
then repelled through 36°, so that the
torsion on the wire was 36°. The
torsion head was then moved round
till the angle between a and b was
18° this requiring a motion at the

g hm.d of 126°. The torsion of the
- wire was not, however, increased to
5 126 + 36, as the lower end had turned .

}; , ok THE FORCE ON A SMALL CHARGED BODY 63
%
E
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in the same direction as the upper D
through 18°. The total torsion was 4% 00
~ therefore only 126° + 18° = 144°.
~ The head was then turned round until the angle between a and b
- was 84°; the additional turn of the torsion head was 441° , giving
. atotal torsion of 441° 4 126° + 81° = 5751°,
.‘A.esnmmg as a first approximation that up to 36° the repulsive
acts alw‘p&t the same arm and that the distance between
ﬂb is ional to the angle between them, then, if the
_ Muﬁmﬁ*k correct at a distance 36,
roportional to the torsion due

”. '. e -
ﬁ,' -\

e Jni'erse square law, the
| be 36" % 4 = 144°,
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remote sides of the two balls, so that the distance is 'rea]ly";greatéf:._._-, |

than 84°. S 2
Let us now take into account the true distance from centre to =

centre, i.e. the chords instead of the arcs, and also the true values
of the arm at which the force on the ball acts. Let (Fig. 57) g
AOB = g, the angle between a and b. Let 6 be the torsion, and
10 the couple due to it. Let F-be the force on & due to a, and ;
let ON be perpendicular to AB. :

Then F.ON = uf .
*.ON
and 0= )

# .'

L But ON = OA cosg
-' & and assuming the inverse square law, e :
-, -\ 3 1 | f__
I“ at m 3
o ‘ - ’
‘ o ( . )2‘ {
- 2AN - -

40 A2 sin? 53'2-

. 4 : | =

Then to verify ¢he law we ought to find that e
: 5 g.. Syt (.__T';. ’r; s
! 9‘-'1 < e e u_‘-‘ geig

- a - o 54 _. - ]
SINS =1 A e
. 2 . _ : an '_~:- o

3 -

Or that 6 tan % sin % is constant. The va.luesof ‘
the experiments we have discussed are the fgl]l y

3 ﬂ : - ™ et
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The numbers in the third ¢
The torsion balance m
charges on a and & are o
~is not so easy when t
~within a certain
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Coulomb also tested the inverse square law by a method which
possesses interest since i1t conespondw to the vibrating-needle
method which he employed in his magnetic experiments. An
insulating shellac needle was suspended horizontally by a cocoon
fibre, a small charged disc being fixed at one end of it. It was
placed in the field of an msulated globe charged in the opposite
way, and the time of oscillation was observed to vary directly as o
the distance from the centre of the globe, the result which we
should expect, assuming the inverse square law.

Coulomb showed in the following manner that the force on a
gwen charged body is pmportmnul to the charge acting. Sup-
posing a and b in the torsion balance to be e\uttl} eqlml \pheltb,
on contact they will be equa]lv charged and the torsion rod will be
repelled thwurrh a certain angle. If a is now withdrawn and its
charge aharcd with a third equal sphere, only half the charge

remains on it. Replaung it 1n the balance, it is found thut
only half the torsion is needed to keep the ball b at its original
distance from a. Hence it follows that if two small bodies a
- distance d apart contain charges Q and Q" the force on either is
- proportional to QQ’/d>.
- Two other researches of historical interest made by Coulomb
- may be here referred to—that on the distribution of electrification
on conductors of various forms by means of the proof plane which |
~ he invented for the purpose, and that on the rate of loss of o
~ charge and on the best methods of insulation. He showed that i
-ﬂth a given conductor insulated in a given way thesrate of loss |
m proportional to the total charge, though the rate varied on
erent days, being, in aceordance wnh common experience, more k2
mnnderable on damp “than on dry days. Coulomb ascribed the T
0 im partly to the air and partly to the supports, supposing that b T
. eau' was a conductor when containing much water-vapour. We 5
know that his supposition as to water-vapour was a mistake
it,hke air, 1s an excellent insulator. It is true that if air is
- saturated wster-vapour the rate of loss of charge is
y greﬁt, bl;lithm is almost certainly due to the condensa-
;}xﬁm Qfl water on the surface of the supports, which

-,

i‘ 'torblon
-
)
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ic and may so condense the vapour into
saturation lp reached. We now know that

er-vapour is a perfect insulator, for there
praence of electrified “ions™ in
d.t‘aws to 1tself the ions ‘with

the fol]owmg
, one over the
_ ; od on alpluur,_

P




66 | STATIC ELECTRICITY

which must be a very good insulator, with a base having an
‘ndex mark which slides along the lower rule. On the  upper rule
is a slider with an index mark, and from the slider depends a pith
ball B hung by a cocoon fibre, the ball being on a level with the
centre of A. A telescope sights B when it is uncharged, and the
osition of the slider is read. Then A is brought into the middle
of the field of view, and the position of its base is read. A isthen
charged, B touches it, is charged and repelled. A is then removed
. say, 10 cm. to the left, and the slider ismoved to the left till B is in
the middle of the telescope field. If the slider has been moved d
the force on B is for small angles prnportional tod. Now move B
to, say, 20 cm. from the central position and move the slider till B
is in the middle of the field; let its displacement be d. It is

TS ST S e B (L 6 S B O T

(8) b

T T L e s I m W T E T
FiG. 58. -

&L

|

|

{ found that with fair accuracy d:d' = 4: 1. If A be now touched
to another equal insulated sphere. its charge is halved and the

i forces at the same distances are halved. \ .

5 General statement of the inverse square law. Both
directly and indirectly, then, it has been proved that the forceona

' : small electrified body placed at any point in a field containing
charged surfaces separated by air may be calculated by supposir:ﬁ
that each element of charged surface acts directly on the body with

AT a force proportional to tm:-oduct of the element of charge and
‘8§ the charge on the small . and inversely as the square of the

: distance between them, the actual force being the resultant of all”
' such elementary forces. Since the force is thus propo: jonal tothe ]
charge on the small body, it is the same per unﬁ ﬁ:gljﬁrgeon hat

body whatever the total charge and Whatev?rtheﬁﬁthe bnd k-
both being very small. We have, therefore, a defimt
| AR sistent measure by which to describe t!1

RIRA per unit charge on a small body. This
RN already been em loyed in Chapter
some of the definitions and P )

. £
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some modifications suggested by the experiments which we have
described.

Definition of electric intensity. If a small positively
charged body beeplaced at any point in a field, the body and
its Chﬂll"t. both being so small as not to affect the previous
charges -enalbl\, the fm‘(c on the body per unit charge is termed
the clectnc intensity y at the point. We shall thll!l“\ denote the
intensity by E.

Definition of the unit quantity. If two small bodies ,
charged with equal quantities and pl: aced 1 em. apart act each on
the other with unit force of 1 dyne, each is said to have unit
charge on it. Then unit charge pluduce~. unit intensity at unit
distance. At distance d a qu'mtlt\ Q has intensity Q/d2. If
at the point we place a body charged with Q/, the force on the body
is QQ'/d*.

Relation between electric 1ntens1ty and electric
strain. If a small qllantltv of electricity Q 1s placul at a point
the values of the electric strain D and of the electric intensity Il at
a distance d from it are given by

AL ;
D—m(p.d‘*)

-G i e i

= e Q
. _ Iy = 7
Whence E = 4+D.

This relation holding for each element of the electrifigation to which
- the field #& due, it must hold for the resultant of all the elements.

- It is to be noted that it is only true when the medium is air, for
~ only then is the intensity Q/d* for each element. As a particular
~ case we have another proof of the proposition already proved in

- Chapter 11 viz. :

~ The intensity just outside the surface of a con-
tor is ‘h’*p‘ﬂu’fﬂee density. For the strain is by defini- -
ured by . Hence the intensity is 47a. i
; a.ngl tubes of force. The lines and tubes of strain
e regarded in non-crystalline media as lines and tubes of S

he various strain properties of such tubes el
ns of intensity. The most important of P
1is constant and equal to unity along a -
ptuss-sectmu X intensity = 47 alon
etwee l;trmn and intenslty is not to

electmﬁed body or
y held proof plane,
to po .nt by either

g..
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system of measurement. The numerical relation obtained depends
on the units employed. Whatever be. the unit of charge, if we
define strain as on p. 52, the strain is q/4md?, but the intensity
is only ¢/d* when a particular unit is chosen. We shall see here-
after that with this particular unit, but with a medium-other than

air,

F

.&.
|
§ .
il.
|8

the relation is KE = 47D, where K is a constant for each
medium. When we discuss the relation between intensity and
strain in media other than air we shall be able to show that we

. may interpret the intensity as analogous to elastic stress and the

strain as analogous to elastic strain.

The outward pull per unit area on a charged con-
ducting surface. Since the intensity is always outwards from a
positively clectrified surface and in-
ou L= wards to a negatively electrified one,
it is evident that in each case an
~actual element of the surface, if loose,
would tend to move outwards. We
shall now find the amount of the pull
outwards per unit area. We have
seen in Chapter ITI that the intensity
at a point Py, Fig. 59, just outside a
conductor is normal to the surface
and is equal to 47g. Alsowe found
that it may be regarded as made up
of two equal parts, one due to the
charge on the area a immediately
ander 3¢, and the other due to the rest of the charges of the

system. Eacl is therefore 27a. ) % A
Now consider an element da of a just under P,. ‘The force
outwards on this element is not due to the rest of a, since a is
practically all in the same plane as da. It must therefore be due
to S alone, and its value is: intensity due to S X charge on da

¥iG. 59.

= 270 X oda
= 2roida. et - -

The pull outwards per unit area is therefore R

F = 2xq". i . N
If, then, we know the distribution of tzl.uh'?*f _
body, we know all the forces acting upon it, and t
is the resultant of all the elementary pulis
Note on the method of inv
Chapters III-V. The mode of a
oint into the actions of the separ:
act directly, and without regard to t

R 9L
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suggested by, and most appropriate to, the old **action at a
distance ™ view of electric action, and it might appear out of place
with our new conception of action through the medium. But if,
as in the text, we only say that the strain is the same, however
- produeed, as if the direct action occurred, the method is perfectly
justifiable for purposes of calculation, and it is the best in the
first treatment of the subject owing to the ease with which it
adits of mathematical representation. As an illustration of this
method; consider the somewhat similar case of the equilibrium of
a body pulled by a number of strings, with given forces applied at
the free ends. We consider these forces as applied directly at the
: ints of attachment of the strings, and do not trouble to consider
: how the strings behave or to take them into account, so long as we
~ are dealing only with the equilibrium of the body. For experi-
: ment has shown ps that if a force is applied at one end of a string
. an equal force is exerted by the string at the other, and we there-
4 fore are justified in a kind of *direct action™ treatment, though
E obviously the string has an all-important part to play, and
0 must be considered if we are to have a complete investigation
of all the phenomena accompanying the equilibrium of the
body.

There is a method of treating electrical actions in which the
mathematical representation fits in perfectly with the supposition
- of action by and through the medium. It is fully set forth in
- Maxwell’s Electricity and Magnetism, vol. i, chap. iv, and we shall
~ here only point out very briefly the principle of the method for

the sake of advanced readers who may wish to compure itavith the
- easier, though much less general, method which searts from the _
~ inverse square law. g ¥

L]

Py, Let us suspose that we wish to find how electrification will

- be distrib under given conditions on any given system of B
~ conductors in air. Starting with the idea of the electric field :

- as a space in which electric strain and intensity may be mani-

d, we mnslldeduee from experiment that in air the strain has
hmﬂe thg direction as, and is proportional to, the

ty, and that we have chosen units so that E = 47D.

the idea of the energy possessed by the system,

experiments that its amount depends solely
m this it follows that a potential
‘at any point may be expressed in

- ",-l;
14,2

ment J“__:'_p_f _Qurface ds, the
J 13‘:“ .
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*  But ¢ = strain just outside dS
R %
i intensity
_ Ay ,
4z dn
“where dn is an element of the normal.
e ,_ﬁlf/,d\’,
I'hen Wie— :L; \ (—7’: ds.
But by Green’s theorem this is equal to
1 dv\2 = (dV\?* , (dV
—_— : —_— ! L= LI s 7 54
87.'./ f / {L-\daﬁ,} - \dy) i ]d yds
Al / / / VV2Vdadydz
S
where the integrations are taken throughout the air.

Now going back to the experimeutal basis, we must suppose
that we are entitled to assume that the total strain throughout a
tube of Strain is constant. It is easy to think of expeyimental
illustrations ot this, such as the equal and opposite charges on
concentric spheres, and the equality always existing between the
two mutually inducing charges whatever the conductors, though
it is not very easy to arrange any general proof. From this it
follows that the total strain through any closed surface containing
1o electrification is zero. The total normal intensity is therefore
also zero, and applying this to the case of the element drdydz,
it can be shown that V2V = 0. ' . T

i

Ik
_I.- 1 s
ur £G
’ WA ST

!

Hence W = %r f / / {(g_ﬂ’)’l + (%)‘

Now by Thomson’s theorem there
of V satisfying V2V = 0 in the
given on the conductors, and this v
is equal to W a minimum. In ot
which corresponds to a distribu
energy a minimum, and ther
librium. Hence we require te
conditions. R . -




s 4PN ‘g .

_ o T S S R LA
* THE FORCE ON A SMALL CHARGED BODY 71
B (1) ViV=0; (2).V=a constant for each conductor;

d
(3) f / a—:‘ dS = 47 X given charge on each conductor. This

function is the only one satisfying the conditions, and tells us all

about the field. .
Green’s theorem states that if U and V are two functions,

/ / U%ds — [ [ [uveVdadya: )
- f / v % ds — [ [ [VV2Udadyd:

where the surface integrals are taken over the conductors and the
~ volume integrals are taken through the intervening air dielectric.
. Make V the function considered above, and make U the potential
according to the inverse square law of a positive unit of charge
distributed uniformly with density p through a very small sphere
of radius a and centre at any point P in the field. Then at a
distance r from P, greater than o, U = 1/, and at a distance r
~ lessthana, U = -gwpr’.- Then within the small sphere V2U = 47p
- and without it V2U = 0.

- On the conducting éurfaces % + 470 = 0,and in the dielectric

'—-:-.....—._‘..--, g s _

© A y x ! T

~ V2V = 0. Since Vis constant over each conductor / / \-’%’E—!cﬁ —

= "'.‘ ) e -
J%ds =0 by Gauss’s theorem. Also fff\’szda'dyd::
y differs from.zerohin the small sphere round P and there it may

1 V,f f f drpdadydz = 47Vy, since the total charge round

= *

,. o :.. A ;‘\ -
Rl KT s

e e . & : g
B~ - ™ _Y—r'=ff-;ds

e i X
TRt - "..\ﬁr

h would be found by calculation on
¢t action. In other words, the
which would give the strain

liﬁ;Potén!:i'ql in the conductors.
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CHAPTER VI

; ELECTRICAL LEVEL OR POTENTIAL. THE
ENERGY IN ELECTRIFIED SYSTEMS

Electrical level—Potential at a point—Equipotential surfaces—Intensity
expressed in terms of rate of change of potential—General nature of
Jevel surfaces—Energy of an electrified system in terms of charges and
potentials—Unit cells—Number of unit cells in a system double the
number of units of energy—Distribution of energy in a system.

Trae existence of forces on charged bodies in an electrified system

implies that these bodies may be set in motion, or that the system

~ contains energy which may appear in the kinetic form. We must

suppose that before its appearance as kinetic energy it was stored

: in some way as electric energy,and in that form was the equivalent

< of the work done in charging the system. Regarding the system

: ' from this * work ™ point of view, we are led to the idea of electrical

' : - level or potential, which affords most valuable aid in describing the

, _ system in respect to the forces exerted and to the energy stored.

{ RS We have already discussed the potential in inverse square systems

‘i SR in Chapter 111, but we shall now approach the subject from another
i
{

oint of view. oy _
Electrical level. If a positively charged conductor is

A suspended in the middle of a room a small body brought against it
' will receive a little of the charge and will then tend to move o the
i wall, on which is the negative charge. Let us imagine that the
Shetae small carrier has no weight so that we need not thin of any but
A the electric forces. At the wall we may think of it as ﬁce)ing into
Ay el a hole and touching the side of the hole, when it will be entirely
B discharged. It can then be moved back to the large body, where
L it will receive a little more charge, go again to the wall, and so on.
R On each journey from the body to the wall it can be made to do
work, and the system will gradually yield up ergy. Now
compare this with what happens in a system ¢
energy, such as a reservoir of water
the water run down to a lower leve
potential energy into some other fe
the cases more alike, we may let the wa
. corresponds to the electrical carrier. Tk
by falF % e el

ing in levels St
Using this 'ax_mlogy, we m
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middle of the room as being at a higher electrical level than the .

walls and think of the level as gradually falling from the body to
the walls in_every direction. The conductor is all at the same
level, for the charged carrier will not move along its surface, but
will be pulled straight -out from it at every point. The walls, if
conducting, are also at one level, since the intensity is everywhere
perpendicular to the surface, and the carrier will not tend to move
along the surface at all.

"The gravitative analogy, if followed out, also suggests a definite
method of measuring electrical level. We usually measure difference
of level above the earth’s surface in vertical feet or metres. But
this measurement will not give us consistent results in extended
wstems. For think of two canals at different levels reaching from
the latitude of London to the Equator. Suppose the surface of the
upper one is 978 em. above that of the lower at London. At
the Equator the difference in level will be, not 978, but 981 cm.
For the work done in letting a given mass of water down from one
canal to the other must be the same at each end. Otherwise it
would be possible to get an endless store of energy out of the water
by allowing it to trickle down at the end where the most work was
given out, and to do work as it fell. We might use some of this
work to raise an equal mass of water up again at the other end and

~we might transform or store the balance. This is contrary to all
experience, so that we are certain that the work done in lifting a

gramme of water from one level to the other is the same at each
end and indeed at every intermediate point. Since then g at
London: g at the Equator = 981: 978, if one canal #5 978 cm.
higher than the other at London, it must be 981 em. higher at the
Equator. It is worth noting that if we were concerned with exact

~ raising masses, our Ordnance —

A goshoulﬂ be marked, not in

Fi1a. 60.

ne in moving the carrier along
face S, in the diclectric, also
> first, Then the work done

1 m ﬁrst surface to the
imagine that it is greater e
CD, from the first
~Taking the carrier round
| TSRS
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the circuit BACDB, we shall get a supply of energy each time
we go round. "This could only be accounted for b;y a gradual
discharge of the system due to the motion, and experiment shows
that no such discharge occurs. Hence the work along AB equals
the work along CD). Asa particular case the work from A to B
is the same by all paths, such as AEB or AFB. If then we
choose some convenient surface as having zero-level, corresponding
to sea-level with gravity. the level of any other point, measured
by the work done in carrying the unit positive charge from zero-
level to that point, is detinite, whatever be the path pursued.
level as thus estimated is termed Potential, and we have the
following definition :

The potential at a point is the work done in carrying a small

body with unit positive charge from zero-level to the point.

The potential at a point is usually denoted by ¥:

It is evident that the work done in carrying unit charge from
a point A at potential V, toa point B at potential Vpis Vg— Va.
For if O is a point in the zero-level, V, is the work done in going
from O to A, Vg that in going from O to B, and we may go to B
through A. Hence the work along AB is Vy — V..

Alteration of surface chosen as zero-level or zero-
| potential. If we alter our starting-point or zero-level to one at
1 potential U referred to the old starting-point, the potential at
every other point is evidently decreased by U.

! Equipotential surfaces. The surfaces which we have
hitherto termed level, surfaces everywhere cutting the lines of
force at rizht angles, are also equipotential surfaces. Draying a

H

! series of such sutiaces corresponding to otentials 0,1, 2, 3, &c., we

i may map out the variations of level in the system.

'{ A conducting surface is an equipotential surface, and any closed

) conductor containing no electrification within it is all at one

I potential, for there is no component of the intensity along the
It surface, and if there is no charge within there is no intensity
!* 2 within. and no work is done in taking unit charge from one point

R = to another. _ TR Sn-, , |
f The intensity at a point in any direction expressed

it in terms of the rate of change of potential. Let A be the
il o given point and B a point very near it such that ABis the direction

in which the component of the intensity is to beexpresea. Then
the work done in carrying the unit charge from A to Bis Vi, — , AW
but if X is the component of the il_ltensit.y__-a'.lquig'AB e m"ponent !

. along BA is — X, and this is the force ngainst {lncf nit charg

S L el is carried. _ P A
LI “. Then = — X.AB =¥ 7_""'"

3

T P, T

- -

or, using the notation of t.he dlﬂ;arénﬁilﬁ
AB = dr and ¥ =V = dVai SE G SRE R

[

R ,- =5 x‘&.\ '.‘35 d
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and ultimately X = = av
dx

or the intensity in any direction is the rate of fall of potential per
unit length n “that direction.

General nature of level surfaces. If the surfaces are
drawn at intervals such that the successive potentials differ by
unity, it is evident that the surfaces crowd most closely torrvtner
where the intensity is glealest for there the shortest distance wilk
be traversed with the umit charge in doing unit work. On
the other hand, where the intensity is less the “\llltnll(.'b open out,
Indeed, we can at once obtain a relation between the distance from
surface to surface and the cross-section of a unit tube of force.

If E be the intensity at a point and d the distance between two
consecutive level surfaces there.

b ba s diia b

. Ed = 1-

Tl 4 i 13 ik

; But if « be the area of the cross-section of the unit tube at the
~ point, Ea = 4= (p. 67),

o S pr

T .

~ or the distance d is proportional to the cross-section a of the tube.
g When a conducting surface is charged entirely with one kind
~of electnclty, the intensity is everywhere outwards 1f the e¢harge be

T
I
i

Fi16. 62. Charged sphere inducing

opposite charge on a neighbouring

~ insulated sphere in the middle of
[ S .a cub‘lul room.
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the conductor is entirely surrounded by level surfaces lower in
the former case, higher in the latter, than the surface itself. _
If the surface is partly positively and partly negatively charged,
the surfaces are lower near the one part and higher near the other
part. -
We may illustrate these statements diagrammatically by
Figs. 61 and 62, which are sections through systems showing in each
cnse lines of force and level lines in the section. There is no
attempt to draw to scale in these figures.

Energy of an electrified system in terms of charges
and potentials. Let the charges be Qy, Q. Q,, &c., respectively on
conductors at potentials V,, V,, V, &c., the zero-level being any
conveniently chosen conductor. If all the charges be altered in
any given ratio the same for all, say to AQ;, AQ,, AQ,, &c., evi-
dently the intensity at every point will still remain the same in

K. _ direction, but will have A times the originai magnitude. Hence
the original level surfaces will still be level, and the charges in
the new system will still be in equilibrium. The potentials will
evidently be AV, AV, AV, &e. ;

Let us represent the charges and potentials of the conductors
in the original system by points A, B, C, D, &c., on a charge-
potential diagram, Fig. 63, the abscissee representing charges,

1 < the ordinates potentials. Thus AE = Q,, OE = V,, BF =Q,,
% 2 ~ OF = \'2 + C. .

i Gt Uy Taking into account the whole system, the s of the charges,

]. i e. the sum of the abscisse, must be zero. Now letus bring to the

i e j".;‘. 3
3 y ‘FI__G-G& '._:r ' . 5
sero-level the same ver '_snugll-.“_-ﬁ%_.ﬁt) 1 0 s
elementary charges will on their arrive
other. During the convection
of the system will be given up.
number of times, we shall
is evident that as we remoy

R

- A
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an operation, the charges and potentials of the conductors will be
all reduced in the same ratio, so that the points representing them
~on the diagram will all travel in straight lines towards O. The
figure may be regarded as merely shrinking in towards O.

Now consider the -work done by the small charge removed from
the first conductor while its state changes from A’ to A.” The
quantity removed is evidently MN. The potential at the
beginning of the removal is A'M, and at the end itis A”N. Then
the work done lies between -

MN. A'M and MN. A"N.

F But one of these is greater and the other less than the area of the
slip A'MNA”, and the less the charce MN, the more nearly are they
equal to each other, ultimately differing negligibly. Then the
work done must ultimately be represented by A'MNA“

The total work done in discharging the first conductor is the
sum of all such slips or is represented by the area of the triangle
AEOQO, which equals

AE xEO  Q,V,
2 = 2

- Similarly for the other conductors. Whence _
3 | : DY - Q.Y OV i
- the total energy _-——12 +_2_+""‘2'é_' .“f
* -5 When all t]le charges have been thus brouéht to the same level B g
. all the electrical energy has been transformed gnd the system G S
- is exhausted. oy
. Itis perhaps sufficiently evident that the quantity of energy 354
?‘?_obfain_ed must be independent of the arbitrary zero of potential
~ chosen, but we may also deduce this from the expression for the ol e
- tots L'-'-fFor if EQ-M‘Ghﬂsenanother zero at potential U relatively to el g
- the first, then the po ntials would have beenV, — U, V, — U, &, o '
the total energy would have been expressed by

RS-
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Unit cells. Drawing all the unit tubes of force and all the
level surfaces at unit differences of potential, all the space
between the conductors of a system 1is divided up into cells.
Maxwell has termed these unit cells.

The number of unit cells in a system is 3QV. In the
case of one conductor at potential V entirely surrounded by another
at zero-potential, it i< evident that each tube is cut into V cells,
and as there are Q tubes there are in all QV cells. When there
are several conductors each tube does not necessarily pass from
the highest to the lowest level, but some may begin or end at
intermediate levels.

Take any one tube passing from a conductor at level Vy to one
at level V.. Evidently it contains Vi — Vyx cells, or, since it has
+ 1 of electricity at one end and — 1 at the other, we may write
this

1 xV,+(—1) X V.

Doing this for every tube in the system, we have

Total number of cells = Zf1 X Vy +(—=1V,}
— 3 each element of charge X its potential.

If on any conductor at potential V there be both positive and
negative charges, say Q, and Qy, both charges will enter into
this expression and will contribute

(Q: — QWY

to the result. Butif Qe — Qx = Q, this becomes QV. Hence the
total number of cells = ZQV. .= & : .

Distribution of the energy in the system. From the
preceding result we see that the number of unit cells is always
double the number of units of energy in the system. We have
already seen that we must Suppose the energy to be in the
dielectric, accompanying the strain there. Bearing in mind that
where the cells are larger the clectric strain is less, so that the
energy is presumably less densely stored, this relation between
the quantity of energy and the number of cells suggests that the
energy 1s distributed at the rate of half a unit to each cell
Adopting the suggestion, let us find the eng_r%r per

The area of the cross-section of a tu
and the distance between the two cons
d, we have : - P B :

volume of cell L

but
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If this volume contains half a unit of energy, the quantity per

unit volume
. o TR
3 = t'.z T S7
Rz
~ o, substitating for E its equivalent 47D,
E : = 27 D3, : [

Now this result is of the kind which we should expect from

Faradaz;s. view of the nature of electric action. For if electric

strain be analogous to elastic strain, we should expect that the

energy stored up per unit volume would be proportional to the

uare of the electric strain, just as the energy stored by an elastic

L strain for which Hooke’s law holds is proportional to the square ot

- the strain. Since then the distribution at the rate of half a unit

-

: to each cell or of g—w =
the energy of the system, and also carries further the analogy

between electric and elastic strain, it is accepted as the true law of ‘

“distribution.
. . ; <2
- It is noteworthy that the energy per unit volume L

e 2 87 _
= - expressed in the form EE—D This supports the suggestion on p. 101 T (

SE '__'j_f_‘: the intensity E is analogous to elastic stress. For we know i
~ that in elastic strain &
5, stress x strain e '

| q:fg;per unit volume = 3 : =

T
) i -

27 D? to each unit volume just accounts for

-

may be
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~ potential in its neighbog‘gh H0C

i CHAPTER VII

POTENTIAL AND CAPACITY IN CERTAIN
ELECTRIFIED SYSTEMS. SOME METHODS OF
MEASURING POTENTIAL AND CAPACITY

Definition of capacity—Sphere in the middle of large room—Two con-

_ centric spheres—Two parallel plane conducting plates—Two long co-axial
cylinders—Two long thin equal and parallel cylinders—Long thin
cylinder paraliel to a conducting plane—Instruments to measure poten- g
tial difference—Quadrant electrometer—Attracted disc electrometer
— Practical methods of measuring potential-—Reduction of the potential
of a conductor to that of a given point in the air—Simple methods of
measuring capacity—Capacity of a Leyden jar—Capacity of a gold-leaf

electroscope.

We have shown in Chapter III that if we define the gotential at a
point as the sum of each element of electrification divi i

distance from the point, or 23_, it is the work done in bringing

LY

unit charge from a zero-level at a distance so great that the system
has no appreciable action there. We may frequently bring the
zero-level quite close to the system. Thus, if a room has conduct-
ing walls, an electrified system within it has no intensity outside,
and the walls may be regarded as having zero-level. We shall
now consider some special systems which will illustrate the use of
the formula for the potential. ‘ s -

Infinitely thin small metal plate he
lines of force or strain. The plate is to
lines of force may be regarded as straight and
just about the point at which it is introduced befor
tion takes place. Then, when it mlntmduceﬂ
dicular to the previous course of the line the pos
one side will evidently be jual, element
¢harge on the other side..

I'he potenti
point outside it will be made up of
for every element of positive cl
of negative ch Practicb_,lly"_a;ﬁl‘;

as the plate is infinitely thin. The

M -
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e ﬂle course of the hnes of fmce This justifies the use of such
a plate in the measurement of strain at a point.

In practice no plate is infinitely thin. A real proof plane will
therefore produce some slight modifica-
tion of the surrounding held especially
near the edges, where the lines must
turn ln“al‘ds. somewhat as in Fig. 64,
to enable some of them to meet the
edge normally. : N

Capaclty of a conductor. If
the pntentlal of one conductor of a
system is raised while all the rest are
kept at zero-potential, as the charge
rises in value the induced opposite
charges rise in proportion. Hence

LT
I e

32, or the potenﬁal at any point, rises in
r Fic. 64.
the same proportion. Thus the ratio of

the charge on the conductor to its potential is constant and is termed
the capamt) of the conductor. We have then this definition:
If a conductor receives a charge Q and is raised thereby to

; potentm] V, while the surrounding conductors are at zero-potential, " gg.
- % is constant, and is termed the capacity of the conductor. It “’ =
is usually denoted by C. ‘”,.%;;_:;.:_-, :

| Sphere in the middle of a large room. Suppose a sphere A

b raﬂitlsato receive acharge + Q. Let thesphere be placed jnsulated o583 41

": in a room and let its distance from the walls be great compared Py AT

~ with its radius. The potential of the sphere will be unmiform 5
mnghout and theretore we “may find it by calculating the o 533

at the centr . In the formula V = 21 the positive

its ‘same distance from the centre, and therefore
it ,Q/ __hegatwe elements areall at a great distance,

2 13 neg]!glble in comparison, with Q/a.

done
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that distribution must be uniform. Hence the potential at a
distance » from the centre outside the sphere is, by Chapter 111,

Vi

r

provided that r is small compared with the distance to the walls.

| Two concentric spheres with equal and opposite

| charges Q. Let the radii be a and b. The potential of the
inner sphere is uniform and equal to that at the centre. Since the
whole of the positive charge is distant a from the centre and
the whole of the negative charge is distant b, we have

g vozlalink

a b

Between the spheres, at 7 from the centre, the potential due to

i
= the positive charge is -79 (Chapter III), while the potential due to

~ the negative charge is still —(I;—! Then

Iz

_Q_Q
V= ¥

The outer sphere has poteutial

Qi
L =t oks

: 2 T The capacity of the inner sphere js :

1 ' T Q ab

e C-—Q g—'.b—a"
b N

a

_.__._.._.
o™
£

R e L

These two cases show, as is indeed obvious from the definition,
that a capacity has the dimension of alength.. -
i Two oppositely charged parallel cond icting plane
NS plates, the plates being a distance apart very small compared koS
ral g ide. with their linear dimensions. f st S PRty U
A The distribution must satisfy the two co! ﬁ)hgiﬂ.m
i = in all electrified systems when the charg i
SN intensity close to each surface in the
be normal to the surface, and (2) ti
stance of the conductors must be ze
practically fulfilled if the distributions
uniform over the two surfaces except e edges, ant
of force and strain will then ; : s from plate
except near the edges. For let P, . e a poir

- & i T -
P S e
BN [ n - P - ""r-cl.".' Elh
i 1 * » 2 - -- . - .r' s - ‘* —‘a'l ¥

Pt e
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POTENTIAL AND CAPACITY 83 .
plates. Take two cireular areas of which AB, A'B’ are sections
with equal radii, and with centres in the common normal to the |
plates through P. '
Let the radii of these areas be large compared with the distance
d of the plates from each other. The surface densities being
uniform and equal to + ¢, the intensity at P due to the circular area
on the positive plate will be 274, and away from it: and that due
to the circular area on the negative plate will be 274, and towards
it (Chapter III, p. 36), or 47 in all. Outside these circular
areas the charges can be divided into equal positive and negative
elements, each pair lying close together and at practically equal

i . : o . :
: distances from P. These, acting practically in the same line,
|
: A P B
[ -
E J P Id
} - — -

Ai P:I Bf

F16. 65,

neutralise each other and do not contribute towards the intensity.

The inteusity between the plates is therefore 475 and normal 3

to each. 5
Within either conductor, say, for instance, at P’ or P”, the two

circular areas neutralise each other, and, as above, the outlying g ¢

- areas‘also neutralise each other and the intensity is zefo. The ) s

- want of uniformity round the edges may be neglecfed (if these are '

sufficiently distant) in calculating the intensity at points well

within the boundar L1 _

~_ Since the intensity is 470 and the distance apart is d, the work e

- done in carrying unit charge from one plate to the other is 47gd. 3

€ !:heﬂ‘e%nce-of potential V = 47ad.

A is the area of either charged face, the total charge on the

e plate is approximately Ag. The capacity then is
M 0 A A 2

© ST VT %ed” tnd

LY

ompared with the radius of either.

' " rcular cylinders. The cylinders are
1 to po tig! V above the outer. The

adial at a distance from
ge-shaped as in Fig,
of the cylinders,

cer from theaxis

4 .
Al

i
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is proportional to r, and since cross-section_ X intensity is constant,
the intensity is inversely proportional to r, and may be written as
A/r. Now if & is the surface density on the inner cylinder the
intensity just oulside it is 47, and as this is distant @ from the

$ <

E = -
-} 7 =
| 3 }n a -i-..

! VB .

e BN : =

", "’ﬂ."':; e’ %

T o
! .--~ 1 3 -;;':i.‘ s - : .
1 o e
LR oulEes - | F1c. 65A. F1G. 65B. .
o .
H axis we have 470 = A /a or X\ = 4wga. Then between the surfaces
] - : a . e - e
; ) Dy St : ..
E. bt . r y - g -
o o . 5 ) - ey -
: X . A S B R =
d R k] —_ - o 4 ”
; But E=— E;‘ =t 411‘_';’:‘-::.;1

Integrating, we have .

_and putting V = 0 for the value of‘v wh _

If C is the 'capaqii_-:y__ per un
arvea of the inner surﬁfé @

Its potcntial"is druc lqg
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the distance d apart. Now if one cylinder only were charged with

sur taue density o, the corresponding negative charge being m!nntd\

o

dlstant, the intensity due to it at distance » would be ~l--..-o~r by the : .

preceding investigation. Then the intensity at one cylinder due

: . a § -
to the otheris practlcall}' 47— and 1s very small compared with

d
the intensity due to its own charge if g is very small. Hence the

uniformity of distribution on each cylinder will hardly be disturbed
by the presence of the other, and we shall obtain a nearly correct
result by supposing the charges uniformly distributed on the two
eylinders with densities +o. Let us take the potential of one
cylinder as 0 and that of the other as V, and let us calculate V by
the work done in going straight from one cylinder to the other.

At a distance r froin the axis of the negative cylinder the intensity is

drga  droa

ki i o i fackd M 4 Sl Aol R
e | Ar sl NS o ;

g 7. - d—r
- 1r=d—a > fi—" a *:v__ e\
. and V=—/Edr - [4”‘"."‘3 d—:,-] At
._; > e e ', T"._
.- ] y d * :..";*_‘-v
i3 : = Brad Iog = 87waa Iog — nearly. ¥ oy
- _‘El‘he capacity per unit length is

ice two telegraph  wires running
| ,ﬂmfance from the ground, and equally

vely and negatively.
) el to a conducting plane.
of a single cylinder running
d conducting plane—a case
rr hﬁm!st&constant height

» eylinders con-
everywhere cut
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| this plane at right angles and it will be a level surface. Now

;' consider a unit tube passing as in Fig. 65¢ from one cylinder to the
other and cutting the plane in the area a. If a be made into an

f infinitely thin conductor, it then has charges + 1 induced on it, but

g . _these will not disturb the course of the lines of force, since «a

5 is infinitely thin. e may imagine each unit tube treated in the

t finitely thin. We may imag h unit tube treated in th

: same way and the corresponding + units formed on the two sides

| of the median plane. The charges thus imagined are all at one

: .

; k

5 i

i =1

i

| G X " Fe. 65¢. A b

i "-., izt potential and will not tend to move, so thatth’g_s_ stem th
Stn is in equilibrium. We shall then have two systems real >
T pendent of each other, since there 1s a conducting screer 3

R E separating one from the other. The upper cylinder positive electri-
o fied will have the corresponding negative on the :& 2 B
P median plane, and the lower cylinder negatively electrif

the corresponding positive on the lower face of the me
Sither gives the case of a cylinder with axis r P
plane. ~Evidently the difference of poter
and the cylinder is half that between the

have approximately, if we put d i

v

=,

The reaqlh ihqm t
may have quite con:

. .r‘l.‘“-.__, CERh PR
g .t #
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with radius 0°01 em. (about 36 S.W.G.) runs parallel to and
10 ¢m, above a tondtltting table, the formula shows that the
capac:t\ per em. length is more than 1/3.

Condenser of any form. A condenser consists essentially
of two conducting plates everywhere the same distance apart, this
distance being usually very small compared with the linear
dimensions of the p]atta, and the curvature being everywhere small.
We may then apply the treatment already used for two parallel
plane plates, and we have, when air is the insulator,

V = 47od
A
a.nd L= m

where A is the area of the inner surface of either plate and d is
their distance apart.

INSTRUMENTS USED TO MEASURE DIFFERENCE
OF POTENTIAL

The quadrant electrometer. The quadrant electrometer
devised by Lord Kelvin is the most sensitive instrument for the
measurement of differences of potential. We shall describe first
a simple form of the original instrument represented in Fig. 66.*

Four hollow brass quadrants, like that shown in Fig. 65 (a), are
mounted on msulatmg pillars fixed on a metal base so as jo form
a horizoutal circular box, cut across two diameters at right angles,
since the quadrants are insulated from one anotfier by narrow
air spaces. The opposite quadrants are connected in pairs by very
~ fine wires. Under the quadrants and between the supporting
“34 ;nllars_lsan open Leyden jar lined outside with tinfoil and con-
Ly i"!',E)l'nll inside strong sulphurie acid, the surface of contact of the
" d with the glass serving as the inner coating of the jar. The

) serves iﬂrdytbe air within the case of the instrument and
: ,-. i:l:ll’.L lm!ﬁllhon of the various parts. Within the
a ‘ﬂ:e uadrantsisa **n e,” really a* figure-
of a‘}leet alumlmum, Fig. 66 (b), the sectors

ant. The needle is supported from the top
ing sus ion whlch also introduces torsion
: ... its ““zero” position..  The torsion
spension, a quartz fibre suspension,
to the needle system. The
by a beam of light reflected
gnlimnts and rlgldly

-
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88 STATIC ELECTRICITY
downwards through holes in the brass plate so large that the rods
do not touch the sides. The rods turn outwards, ending in binding
screws. A third vertical brass rod passes through an insulating
block in the brass plate, and can turn about its own axis so as to
bring a horizontal wire at its upper end in contact with a platinum
wire which is attached to the needle, and passes vertically down

ﬁ.

Fic. 66. - ¥ -
When the jar is to be charged the

into the acid in the jar. |
contact is made and the jar may be charged by two or three sguks.

from an electrophorus cover. The contact is then broken and the
horizontal wire turned well out of the way so that the needle is

free to move. _ i ’ N Ay .
The instrument is contained in a glass case resting on the brass .
plate, which is itself su orted on levelling screws. The glass
v " l 'a}":A

should be lined with tinfeil except where the inc
light passes, and the case should be put to earth b
the gas or water pipes. The instrumen is thu
from external electrifications.
“"The weneral principle of its acti
the needle should be adjuste
median line is parallel to o
quadrants. If now one opposite
by the outside terminal to
of a potential diﬂ’eril%é_
at the potential of the jar,

)
)
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is at positive potential the needle will tend to set under the
earth-connected pair of quadrants, while if the outside body is at
negative potential the needle will tend to set under the pair of
quadrants connected to it. If the torsion couple introduced by
the displacement is so great that the displacement is always small,
then the ancle of displacement is, as we shall show below, nearly
proportional to the difference of potential between the pairs of
uadrants. It is also, for a certain range, nearly pmpurtinn;tl to
the pot'ential of the needle. so that the sensitiveness of the instru-e
ment may be adjusted by altering the charge in the jar. It isusual
to calibrate the scale of the electrometer by putting on known
differences of potential from the terminals of cells of known voltage.
Dolazalek electrometer. A modification of the instrument
introduced by Dolazalek, which is more sensitive than the original
type, is lnl.lt‘fl used. In this the quadrants are smaller and are
mounted often on amber pillars. The needle is made of silvered
paper and so is lighter, and it is preferably suspended by a quartz
fibre made conducting or by a very fine metallic wire. The Leyden
jar can then be dispensed with and-the needle can be charged
directly from a battery of, say, 100 volts. There is a potential
of maximum sensitiveness, however, which can be found by trial
for the particular instrument used. The instrument is contained
. in a brass case with a window for the beam of light to pass to and
from the mirror. .

Elementary theory of the quadrant electrometer.
~ We shall take the case in which the two pairs of quadrants, which
- we denote respectively by 1, 1" and 2, 2, are maintfiined at
. constant potentials V,V,. The needle is connected to the jar,

~ which has very great capacity compared with its own. 'The
~ potential of both jarand needle therefore remains sensibly constant

T I ey .,
5 1 - ’ Y

Eﬁ-ignﬁ_m the charge on the needle varies. We denote this potential
by V,. If V, is greater than V, the needle teuds to move towards
1, and 1t yﬂﬁn‘lgahe in equilibrium when the electrical couple
alanced by the torsional couple. Now had the quadrants and
rging, been insulated, the motion of the needle
ied the electrical energy of the system, the
of the fixed charges decreasing, and the
would have been that in which the decrease
all displacement would have just supplied
‘increase in torsion. But the potentials
actual increase in the energy of the

under 1,17, whgre the difference of

refore its charge increases

- #

i o

es.  The energy is

wire. We sha
.‘Iﬂr 3 . { r "

tant jotentials, the -
"'_qlggtrical encrgﬁ .




S W g ————

I
i
‘i
t
{

respectively. Th '-

90 | STATIC ELECTRICITY

When a system of conductors is maintained each at a constant
potential by connection with a source of electricity, the total
energy supplied by the source in any displacement of the“system
is double the increase in the electrical energy of the system.
This may be proved as follows: 3
Let Q,.Q,, Q, be the charges at potentials V,, V,, V;: then the
total encrgy 1s ;

Q,V, , Q,V, QY
‘V: 1‘)!-*- 2:22"*' La"i—-.-

Let a displacement be given to the system so that the charges
become Q; + ¢41s Qz + ¢as Q3 + g5, &c. : the energy is now

“r+w=_(&_§a__wvl+(;Q.L;;_9L)vz+ . s

whence the increase in energy is

_ Y /Al -
e 21_1_.22.2_'_...
But the quantities gy, g g3 &c., have been drawn from sources of
energy at constant potentials Vi, V,, &c., and therefore the encrgy

- .

given up by these sources is :

AR A = 2w 3

which proves the theorem. : L

Applying this to the quadrant electrometer, the sources supply
double the energy required for the electrical system. At first,
then, while the torsion couple is small, an excess of energy is
supplied. But the torsion‘coggle increases, and ultimately a
position of equilibrium is attained when on further small displace-
ment the increase of torsional energy equals the increase in elec-
trical energy. : _ L L SR e

To calculate the latter we assume that the motion does not
affect the distribution on the outer edges of the needle and under
the line of separation of the quadrants; this at the
linear displacement of an edge is small comj listance
from a quadrant other than that under whic e
the motion through a small angle d8 me
transferring a part of the needle d
the median line from the 2,
of such a part may be ta
subtends. Let it be rep
under 1,1’ is increased
is decreased by C
these charges from tl

-
= -
e

¥
AR e e
.,__ e '-_..n &’

= —
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: C"”{(v SN (Ve \'2)’-'}

v, + Ya).

=CdB(Vy— V) (Va —

The increase of torsional energy in the same displacement is
AbdB

- where 8 is the total angle of displacement from zero and \@ is the
- corresponding couple.
1 Then for equilibrium we may equate these and

A8d9 = Cdf (Vy — Vy) (V, — 2t V)

i~

C x5 Ve TV,
0re=i(‘rz—\rl)("n_ 11; d)‘
If V, be great compared with V, and V, we may take as an 3
approximation

' 0= SV.(V,— V).
If the needle and one pair of quadrants be both connected to

~ the same source at potential V, and the other pair be earthed,
e V, ENEY. =0

CV,2 . A

Bnd - 6 = 2An . 2 h - _~

“This is lnde[)endent of the sign of V,, and the electrometer &y’
then be used to measure an alternutmg potential, giving the - L
,aaquareofv,,, _ -
.g’ nte mﬁlﬂ:themcmse or decrease of charge induced
' uadrants as well as the increase on the needle
irectly for this particular case the fact that
the -energy added in the field within the

two pnrallel plates are arranoed
to the source of which the
r, sa .(,;m-em'th. We might
whole of the pthel, and in



‘r-.'i"hf..'_ " ;. :. k= }
99 STATIC RIC

FLECTRICITY

difference in terms of this pull the instrument would be a satisfac-
tory electrometer. But the density in a condenser is not uniform
near the edges, and when the plates are some distance apart the
edge effect may extend some distance inwards. We cannot there-
fore apply the results of p. 83 to the whole plate. In the central
part of each plate, however, the density is practically uniform : the
lines of strain go straight from plate to plate and these results
apply. Taking the surface density as o, the difference of potential
- as V, and the distance of the plates apart as d,

V = 47ad.

Since the pull per square centimetre is 27a2, the total pull P on a
central area A 1s

= (1).

2 2
P=2ra0 = 2rA( ) =g

In practice the pull is measured on a * trap-door,” i.e. on a
movable plate nearly filling a hole in one of the plates of the
condenser, but with free edges. The surrounding plate is termed
the guard-ring, its function being to guard the density on the trap-
“door from variation. The trap-door and guard-ring are electrically
connected and the force measured is that which is required to
keep the two in the same plane against the electrical pull of the
opposite plate. The effective area A is approximately (Maxwell,
Electricity and Magnetism, 3rd ed. vol. i. p. 333) the mean between
the aperture of the guard-ring and the area of the disc or trap-door.
Fig. 67 is one form of the instrument,* showing only the essential
parts. The guard-ring is fixed, while the movable disc or trap- -
door is hung by metal wires from the end of a metal lever having
a counterpoise at the other. The lever is supported by a wire
stretched horizontally between two insulated meta yillars connected
to the guard-ring so that disc and rinﬁ ave in connection. The
osition of the trap-door is indicated by a hair stretched across
the forked end of the lever. This is viewed by aler
adjusted that when it is midway between

the topke

upright passing up through
and guard-ring arve coplana

laced on the disc and tha
rever until the hair is in th

charge on the plates. Now
bodies at different potential
Jower plate until the hair
pull is equal to P, @ﬂ‘ﬂﬁ:m

fram (1) 5y o R SRS
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A V= d\/“*-j\l’ 2).

It is very difficult to measure d accurately, and it is better to
muke the results depend on the differences of the distance in two
successive experiments, that is, on the distance the lower plate is
moved. To do this let the lower plate be connected to a source of

o

% Hair and black dot s

Fic. 67,

en al V, the u pper plate being connected te earth: then
squation (2) holds.

; ?‘ Npr etmnect the upper plate to a source at potential V, the
bumg mnected as before. If the distance, afte: ad-

-' '_T_equn.ntl‘tles. It may be noted
\ ﬁiﬂ:lerles! than V or opposite
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Practical methods of measuring potential. TIf the
centre of a conducting sphere is brought to the point at which the
potential V is required and is then connected to the zero-level
surface, say the earth, by a wire, its potential becomes zero. Let
Q be the charge induced upon it. The potential at the centre of

the sphere being zero, we have

B 'ul.g..l‘:.l'\.l‘.ﬂ:.l.ﬂ“.'. i

7o,
,

But, if the wire is exceedingly fine and if the sphere is sufficiently
small, this may be split up into the terms due to the original
electrification practically undisturbed by the introduction of the
sphere and giving value V.and the terms due to the charge gathering

on the sphere and giving value ;Q_ Then
a

Il

vilo9
[/}

I

CRL=

or V

On breaking the earth connection and taking the sphere away, if
we measure its charge, we obtain a number proportional to the

potential at the point, though opposite in sign. = A very obvious
\eakness in this method lies in the neglect of the charge on the
is not easy to make the capacity of the wire

-

connecting wire. It
negligible in comparison with that of the sphere.

Reduction of the potential of a conductor to that of a
given point in air. Suppose, for exa;:l)le, that we wish to
equalise the potential of a pair of the quadiants of a quadrant
electrometer to the potential of a given point P, Fig. 68, in the air.

Suppose, to be%in with, that they are at
tial. Take an insulated wire

[

tele il ._- R 4 & o’ - . ’
L A B T S Bl P o e R b i it e B e )

4] | higher poten
E from the electrometer to the point P:

ot * the end of the wire is evidently athigher
potential than its dings. Then
2 \ 1t is positively el

t 7 — rants are negati

Fia. 6S.

more nearly to that of the air:
now gather at P and more ne
If the new surface is also los
off into the air, and
removed I'Lax will s?r!']r
‘ R R (S TG
B Ty TNy il R b,
R 2 L e

et ¥
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of the wire P is brought to the same level as its surroundings,
or at least to the mean level so that each layer takes with it equal
and opposite quantities.

If the electrometer is at lower potential to begin with than the
neighbourhood of P, it is evident that negative will go off, while
the electrometer will be positively electrified.

This process has been realised practically by various methods.
In the method first used a burning match was fixed at one end of an
insulated conducting rod, which was brought to the given point, the
other end bcing connected to the electrometer. "I'he hot mass of the
flame is a conductor, and as it is continually being thrown off it
carries electrification with it as long as there is any difference of
potential between the end of the rod and the surrounding air.

In a second method, still sometimes used, an insulated can of
water discharges through a fine nozzle drop by drop. In Lord
Kelvin's original description of this instrument as applied to find the

- potential outside a window he says: “ With only about ten inches
head of water and a discharge so slow as to give no trouble in re-
plenishing the can of water, the atmospheric effect is collected so
quickly that any difference of potentials between the insulated
conductor and the air at the place where the stream from the nozzle
breaks into drops is done away with at the rate of 5 per cent. per
half second, or even faster. Hence a very moderate degree of
- insulation is sensibly as good as perfect so far as observing the
. atmggsbpheric etfects 1s concerned.” (Electrostatics and Magnetism,
 p. 200).
. P It is usual now to employ a wire tipped with radium. The air
- is ionised by the radium, and the charge on the end of the wire is
~ neutralised by the ions of opposite sign. 5
bt~ Atmospheric electricity. FEither of these instruments mnay
'-j!fe'_l;.'mployed to detemnine the potential at any point in the air
- with regard to the earth. It is found in general that the potential
~ rises upw from the surface, especially in clear weather. This
b se im lml}egimve electrification of the earth’s surface, the

T T,

ng positive electrification being scattered through the
the surface. When clouds are formed they act as
‘become electrified on their surfaces. If the
e potential in the air is still usually
 earth, the under surface of a cloud
arged and its upper surface negatively
it frec uen.i‘l‘)]f happens that the
d. "This may possibly be

Wb _'_-}jdqud was electrified by
d | _t_;.;;_t%g_ positive charge on
‘the rain fallis from it; the
: it produce a negative
) into details of
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which the facts are only beginning to fall
the reader to the Encyclopedia Britannica, 11th ed. vol.ii. p. 860,
or to Gockel Die Luftelektrizitdt.

Simple methods of measuring capacity. We shall
describe two methods of measuring capacity merely in order to
make the idea of capacity more definite. Other methods will be

described later or may be found in laboratory manuals.

The definition of capacity shows that it is in dimension a

length. Thus the capacity of a sphere, far from swrrounding

conductors, is equal to its radius, an the capacity of two parallel
avea of either /4w distance apart, when

plates in air is equal to the

the distance apart is so small that the edge effect may be neglected.

We may then determine the capacity in either of these cases by

actual measurement of the dimensions of the system. But when
such a dielectric that we cannot

the system is of such form or with
determine the capacity by direct measurement of dimensions, then

we may use a method of comparison. A
Capacity of a Leyden jar by comparison with a
sliding condenser with parallel plates. Let AB, I'ig. 69,

A,B

s -3 ~ - -
B 5 -

\ H- - < i - A
-' ) AR sy T[]

Fia. 69.
represent the sections of two round plates mo .
supports .with bases sliding along a divided scale,
plates are always parallel to each other and so that the
apart can be observed. The capacity ‘
can therefore be varied at will. Th
this sliding condenser and the
required with electrification
and then varying the distanc
condenser till the charges or
-/ Suppose AB, ] g,
and let J be the j
outside coating of t
inside ooa;li_ng of t :1
- battery whose negat

ey *i:f? L S
&1 --‘T&. s ‘;&11#" 55 -

s

into order. We refer

5
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jar. Connect A to the inside coating of J, and B to the outside
coating of J. If the charges are equal these connections result in
complete discharge, and if A is now connected to a quadrant
electrometer no charge is shown. But if J has the larger capacity
some positive charge is left unneutralised and is indicated by the
electrometer. IfJ is the smaller, some negative charge is indicated.
The distance apart of the two plates A B must be varied till no
charge is indicated and the capacities are then equal. The

A1 B
(o}
: J
. E E
é s Fia. 70.
ke _
'L- ~ difficnlty in such measurement arises from “ residual charge,” which

- will be discussed in Chapter VIIL. This method was uged by
~ Cavendish (Electrical Researches, p. 144). .
- Capacity of a gold-leaf electroscope by comparison

- with a sphere. We shall describe the method used by C. T, R. 3
- Wilson (P.R.S. lxviii. p. 157). 'The electroscope was charged by ' "

cumulators to different potentials so that the
deflections of the gold leaf were known. A
‘13 em., was suspended by a silk thread at a
iith its radius from all other conductors
me earth-connected with which it rested in
ding hm:’f@eela&mm and with its free
ee&osct;pe was charged to some
ction of the gold lezll]f. Then the
was its capacity. The sphere was
4 ‘l'.hat itymomentagly broke
me into contact with the wire from

value of the potential indicated
"I&Fivﬁ now CV. But

ittery of small

the sphere with
hat its amount was

-
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By this method Wilson found the capacity of an electroscope
which he was using to be 11 em., and this was practically constant
for different positions of the gold leaf.
In carrying out this experiment the wires, in order to reduce

their capacity, should be made as fine as possible and not
essary to keep the sphere sufficiently distant

R R T g o7 pi

from the electroscope. :
- E ,:
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CHAPTER VIII

THE DIELECTRIC. SPECIFIC INDUCTIVE
CAPACITY. RESIDUAL EFFECTS

Specific inductive capacity—Faraday’s experiments—Effect of specific
inductive capacity on the relations between electric quantities—Condi-
tions to be satisfied where tubes of strain pass fromn one dielectric to
another—Law of refraction—Capacity of a condenser with a plate of
dielectric inserted—The effect of placing a dielectric sphere in a pre-
viously uniform field—Residual charge and discharge—Mechanical model.

Farapay, as we have seen in Chapter IV, abandoned the old
method of regarding electric forces as due to direct action of the
charges at a distance, and sought to explain electric induction

by the action of contiguous particles on each other in the

~ dielectric, an action which he supposed to be “the first step in
~ the process of electrolysation.” Taking this view of electric
F induction, “ there seemed reason to expect some particular relation
~ of it to the different kinds of matter through which it would be
- exerted, or something equivalent to a specific electric induction for
~different bodies, which, if it existed, would unequjvocally prove
~ the dependence of induction on the particles,”* He was thus led
~ to the great discovery that the quantity of electricity which a
~ condenser will receive when chargeg to a given potential—that is,
' tﬁmi]—d ends on the nature of the dielectric. This implies
- that the force :%Jﬂvm electric charge will exert depends on

dium through and by which it acts,
atur aday’s discovery may be illustrated by
wo exactly equal condensers of the same
being separated by air and those in
~each is charged to the same
onite will have about two and a
hat with air as the dielectric, and
nc ‘&'Bqlftlmeu the specific induc-
i RS R
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on the table and put the cover on it, the cover and table thus
forming the plates of a condenser. Then connect the table with
the negative terminal, and the cover with the positive terminal, of a
voltaic battery of several cells, when charges will gather pro-
porti onal to the potential difference of the terminals. Disconnect
the wires, first from the table, and then from the cover, and lift
the cover. The charge on the table is then shared with the leaves,
which diverge by an amount to be noted. Now remove the
ebonite plate and put three very small pieces of ebonite of the
same thickness as the ebonite plate on to the table merely to serve
as spacing pieces, and place the cover on them. We now have
an air condenser with the plates the same distance apart as
before, for the spacing pieces occupy a very small fraction of the
volume and may be neglected in a rough experiment. On con-
necting and then disconnecting the terminals of the battery as
before and lifting the cover we note that the leaves diverge much
less than before, or the table has received a much smaller charge
when air is the dielectric than it received when ebonite was the
dielectric. The experiment is not suitable for exact measurement,
for the capacity of the table when the cover is removed will not be

le two cases, so that the gold leaves will not

quite the same in tl
get quite the same fraction of the charge. If a plate of india-

rubber or a plate of sulphur be used, similar effects are noticed;
the induced charge is always greater than with air, or, as
Faraday expressed it, the specific inductive capacity is %rcater.
We may give exact signification to this term in the following
definition : | £

Specific inductive capacity. Lettwo condensers A and B
have exactly equal dimensions, and let the dielectric in A be air,

while in B it is some other substance. Then the ratio

14r

- capacity of B i _.
capacity of A S i
ecific inductive capacity of the dielectric in E S

is termed the sp _
It is usually denoted by K. pe- 5
The specific inductive capacity of a given
constant over a wide range of electric intensity
constancy, it is frequently termed the di
also termed the electric or electrostatic
If we consider the ease Or difficulty
in the dielectric, we obtain ana 1alo
has some value. Suppose two e
dielectric, B with a di .ctric with ¢
potential difference V, E‘todh
D = o, an equal potential d
density Ko and strain KD. T

and strain D,
¥ ‘_,

B

- ~ ik
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: Vv :
energy per charge on unit area in B will only be T’f\:' while

2 -
. - - O. - . . oo s .
“in A it is — Or, to produce a given strain D in B, requires

-

oni_\'%,— of the work needed to produce an equal strain D in A.

Gt 3 1 P
The ‘““electric modulus™ of B, then, is only I that of air.

We may put this more precisely if we consider the intensities in
the two condensers with equal charges, When the dielectric B is
solid, we cannot directly measure the intensity within it, but in

: A
order to account for the difference of potential — we must suppose

K
that the intensity has l—i— of the value which it has in A. Ifin

the air condenser it is E=47=D, then in the other it is E'=4-D /K.
If we regard intensity as electric stress and D as electric strain,
then, using the analogy to ordinary elastie stress, we should define
- the electric modulus as electric stress + electric strain. In air,
then, it is E=D=4x. In the dielectric with constant K it is

) — = 4’”
. E'+D= < . 2
The account of Faraday’s discovery is given in Series X1, vol. i,
of the Experimental Researches in Electricity, and to the
paper we refer the reader for details. It is well worth study not

~ only for the importance of the results but alwo as a splendid
- example of Faraday’s mode of thought and work. *It will suffice
~ here to say that Faraday prepared two equal condensers, each
- consisting of an outer hollow brass sphere on a stand and
. an inner concentric brass sphere supported by a metal rod
- passing up through a neck at the top of the outer sphere, and
- fastened in position by a })lug of shellac. The outer sphere was
two hemispheres like the Magdeburg hemispheres. The

ated in a knob. Each condenser was thus virtually a

T ) P g
-

r was the dielectric in each. One of the

an s knob was then touched by the carrier
lectr meter (see p. 63). T'he charge received
sured and gave, as we should now express it,
between the coatings. Then the knobs
il rether and the charge was shared.
the 'char% was equally shared,
re equal. The lower half of the
, which we will call B,
p of shellac, while the
only. A was charged, and
ling was found, after
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touching the knobs together, and the potential of each was found
to be 113. A had given to B 176 and retained 113. But 176 in
B only producul the same potentia] difference as 113 in A4 or the
capacity of B + the capacity of A=173= 113=1:55. Both were
now discharged and B was charged afresh to potential 204. [ts
charge was shared with A and each indicated a potential 118.
The charge which produced a potential 118 when given to A
produced a fall only of 204—118=86 when taken from B. Since
the capacity is inversely as the potential produced by given
charge, Lhe capacity of B = the capacity of A=118+86=137.

Making corrections for loss of charge by ¢ residual effect™ to
be discussed below, Faraday found that the two corrected values
were 1°5 and 1:47, say 1'5. He assumed that the excess of capacity
for the B condenser was only half what it would have been had the
whole space been filled with shellac, and thus he found that the
capacity B was twice that of A, or the specific inductive
capacity of shellac was 9. He pointed out that this was an under-
estimate, for the hemispherical cu did not change quite half the
capacity of the jar, since the rod passing through the neck had
some capacity, which was the same in both conditions of B. With
a flint-glass cup in place of the shellac he found K = 1'76, and
with sulphur K = 2:24.

When liquids were introduced into the condenser no certain
neasurements could be made owing to conduction, and when
different gases replaced air no difference could be detected, for the
apparatus used was not suﬂicientl{l:ensit.ive. The difficulties of
experiment with liquids and gases have only been overcome since
Fagaday’s time. i T

Faraday also used two condensers consisting of three parallel
equal circular plates, the middle plate forming a condenser with
each side plate.* Hecharged the middle plate, and then showed that ~
by introducing a slab of shellac or sulphur between the middle
and one side plate the capacity on that side was increased. He
saw that this arrangement might be ‘used for exact measurement,
as indeed it has been used later in a. modified form. ot

*hough our knowledge of the existence of speci :

| ¢ inductive

capacity is entirely due to Faraday, itlsn@;‘-a‘ ittle remarkable

-

that it was discovered by Cavendish some
1781. But he communicated his rest

remained buried in his MS. ti
published by Maxwell in 18

without influence on the progr

For many years after the
paper little experimental work W
publication of Maxwell's Elect
. X .'Ra.l,_p";_:i_i_#':?l i

- .
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accm'dln" to which the dielectric constant should be equal to the
square of the refractive index, led to a renewal of interest in the
matter_ and this was no doubt increased on the pl.utlc al side by
the necessity of knowing something about the electric capacity of
the msulating material of telcum ph cables. Since then a great
amount of wml\ has been done. and the specific inductive capacities
of a great number of solid, liquid, and gaseous dielectrics have
been determmed in a great variety of ways. The phenomena
termed residual charge and disc harcre which so much complicate |
the measurements, have also been nne~turuted

Before prvt.t:hcee'dm{5 to an account of the work we shall examine
- the effect of the existence of specific inductive capacity on the
: various electrical relations, assuming that for a given material it
has a constant value.

The effect of specific inductive capacity on the
relations between electrical quantities. Let us suppose
that we have two condensers (Fig. 71), A with air as the dielectric

- A Air : K 8

. Fia. 71.
4

and K=1, B with a substance as dielectric which has constant K,
and let the two be charged to the same surface density o. s
Electric strain. Since the eleetric strain is measured by the R
quantity induced per unit arca on a conductor bounding the Be o

- medium, and this quantity is o in both A and B, the strain D is L
- the same in each. - R F
: ".- - Difference of potent.ial To produce the same difference of ‘

potentlal we should require Ko in B Then o in B will only

uce -!- of the ﬁote.ntlal difference that the same charge

o3 m A A T

-;. sity. If we lma.gme it poss;ble to move umt

" obgerved difference of potential. 01,
ary and lmpra(.hcable way of regard-
ow deflne it as the slope of potential,

"i‘!: .” K - of the value in air. If then
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V \
still be % charge X potential, or 92— in A and o in B. For

the work done in raising element ¢ through pot(.ntml o wilbstill be
gv whatever the medmm between the conductors.

Energy per cubic centimetre. Let us consider a tube
of unit cross-section going from plate to plate and let d be the

distance between the plates. The encrgy to be assigned to this
2 G'2d 4 ﬂffd

utube in Bis 4o V'= —— since V= e

Since there are d cubic centimetres in the tube the energy

hi timetre | 27 27D KE? D KE’
Jer cunlce centimetre 1s > - — since —
! X K 8+ 4+

The pull per unit area of charged surface. This can
only be measured directly in liquid and gaseous dielectric. Let us
suppose that, Leepuw the char ges the same, the distance between
the plates in B is increased by 1em. T he energy stored in each

2r1)2
cubic centimetre added is -Z-'K—, and as thls energy is imparted by

the work done in separating the plates we require a pull per square

O
centimetre of KD to give the required energy. Hence the pull

on the charged surface is 2-5;)3 = 27;’2

~ We shall assume that there is the same pull when the dielectric
y S(;I;‘lgi'ce between charged bodies. To account for the pull
27;5—2 on the surface by action at a distance accor&ing to the
inverse square law, we must suppose that each element of charge
acts with force é d—-—tg—-, in the medium with dielectric constant
K, on the element of charged surface having o on it. Hence

charge g acts on charge ¢’ at distance d with force = K gq'

The energy in the field. In .Chapger - we showed E-_

E
that if we assign energy at the rate e 2"5-]35 pu “cubie eenh- ;‘3

R
metre to each element of volume in a ﬁell'l»-i 21 d;ﬁh
account for the total energy of th' ' e
Let us take two electrical
ductors and the charges upon
dielectric with specific mductl,v
a dielectric with specific indu
charging the two systems
The number of uml: caﬂa
that we m asslgn
each case. gut the

-‘ -c*_;
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K:1, and so the energy assigned to unit volume will be less in the
ratio 1: K, or, instead of energy 27D? per cubic centimetre, we
have 2-.-1)-/lx per cubic centimetre, D being the same in each
system since the charges are the same.

But th1- is only the distribution of the energy which is added
by the work done in charging the system. If K varies with the tem-
perature heat has to be added or subtracted as well, if the tempera-
ture is to bekept constant. Just the same LOI]\I(ltI‘dthII comes inwith
a wire undergoing stretch. The energy put in per unit volume by
the stretching force is 3 stress x strain, but heat must be added or
subtracted to keep the temperature constant,and the total energy
added is # stress X strain + Q,
where Q is the heat given to
unit volume.

We can calculate the heat punz
added in the electuical case by 2"02/3
taking a charged condenser
With a fluid dielectric through
a thermodynamic cycle, repre-
sented in Fig. 72, where
abscisse represent distance apart
and ordinates represent pull per
- tmlt area. Let the condenser be T P -
with + & per unit area. ; sk LR

“The pull per unit area is 2702 /K. Fie. 72.

- Let the dlstance of the plates . 5
~apart be increased bya small quantity Z = AB, so slowly that there -

~ is no change in the temperature 6, and let heat dQ.l be added to ER L

~ each volume Ix 12in order to keep the temperature constant. Now o T i ¢

mgke a further adlabatlc increase in the distance, the change being g4

the temperature in the dielectric which flows

B0
D c

@mses represented by AB and BC falling to x"* ¢
: ey 5 : 2
. ths#pwﬁc mductwe capacity falling to K _dK do.

6
al decrease CD in the distance, at 6 — d#,
urthe admbatlc decrease along I)A com-

by the second law. But
m ABCD which is

o
. G
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df _ , 2o dK
dQ','_G- =1 “l\'_z-d—g.dﬂ
_ 2x¢*> 0 dK >
and dQ _#o? 0 d
A dK

or the heat energy added per unit volume is + X 6 of the

energy added by the work done in charging the system.

- In some experiments by Cassie * the following values of _IIE %—g
and %j—g- were obtained at about 80° C., say 300° A '
1 ak 9K
K db K d6
. Glass 0-:002 06
Mica 00004 012 :
Ebonite 0:0007 0-21 -

We see that the heat supplied to keep the temperature constant
when glass of the kind used by Cassie is electrically strained is 0°6
; of the energy supplied by the work done.
s If this heat is not supplied and the charging takes place under
T adiabatic conditions the temperature falls, K is decreased. and the
: medium becomes as it were electrically stronger, and we have the
analogue to the increased elasticity of solids under adiabatic elastic
strain. Bat it can be shown that the adiabatic capacity of a
condenser bears to its isothermal capacity a ratio which differs from
unity by a quantity quite negligible in practical mcasurements,
even though the excess over unity is proportional, as investigation
shows, to the square of the potential di erence.f _
Conditions to be satisfied where tubes of strain pass
from one dielectric to another. Law of refraction. When
tubes of strain pass from one medium to another with different
dielectric constant, no charge being on the surface, they change
their direction unless they are normal to the separa ing surface,
and they are said to be refracted. e A
There are two conditions to be satis
first as (1) continuity of Patgnﬁ@‘*’gﬁ
This continuity of potential implies t
at two points mdeﬂnitgineﬁr Al

separating surface ; an

o

direction parallel to the

* Thomson's Applications
t If Gy and Cg are the two cap:

i -
- =3

where V is thepbgg‘ﬁﬁg
; medium_.lzz % ;..‘ - i

- -
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medium. ~ We nmy see the necessity for this by supposing two
fluid dielectrics in contact along a surface AB, Fig. 73. Now
imaging a small charge taken along CD in one medium close to
and parallel to AB, and then across to E, back along EF in the
other medium, close to and parallel to DC, and than across to C.
We may neclect the work done along DE and FC by making them
small enough. If the intensity along CD were greater than that
along EF, then, on the whole., work would be obtained from the
eyele, and repetition of the cycle would lead to discharge of the,
C D
B - |
: F E
F1e. 73.

energy of the system without altering the charges, and such dis-
charge is contradicted by experience. Hence the intensity parallel
to AB and close to it is the same in each medium, or the .potentiu.l
is continuous. :

We may describe the second condition as (2) continuity of strain.
The ;u&lity of the opposite charges in an electrified system is not

 aff by the presence of dielectrics of different capacities; and

~ we have every reason to suppose that if we draw unit tubes, each iy

- starting from +1, they will end each on —1, whatever dielectrics T
~ they pass through. If then ABCD, Fig. 74, represents a unit = S

Y -
LI Lt
"r g LN
TR L
e by 772
o e

K, continued as CDEF
EF is also a unit tube.
tube is a, and if the two

section of ABCD
a cos 6, If the
L ¢  t _-=':gq,uaﬁ£y.pf the

AN, T
g1 p T
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D, acos 6,=D, a cos b, .

or D, cos 6,=D,cos 6,

or the normal component of the strain is the same in each
medium.

If we are considering non-crystalline media, in which the
directions of strain and intensity coincide, let the plane of Fig. T4
pass through AC and the normal; the tube in the second medium
wmust also be in that plane. For the components of the intensities
at C in any direction parallel to the surface are the same in both
media. The intensity in the first medium has zero component
perpendicular to the plane of the figure. Therefore the intensity
in the second medium has zero component in that direction. This
implies that CE lies in the plane of the figure or the plane through
AC and the normal. Then the incident and refracted tubes are
in the same plane with the normal.

The continuity of potential gives us

E, sin 6, =E, sin 6,.
The continuity of strain gives us

D, cos 0, =D, cos 6,

whence 3
E, paie U
D, tan 6 Sdpy tan 6,

or, since oL ’ -
E, 47 +E; 4o

We shall now consider tsof the p
other than air, which will be useful when
methods of measuring specific inductive caps

Capacity of a condenser Wi
dielectric inserted. Let us suppose

- w5
€ -'\‘
A e

with constan
oy Hha
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of charge be 7. We must suppose that the tubes of strain go
normall\ from plate to plate, and that the strain D=g is the
same ireair and in the slab. The intensity in the air is 47, while

that in the dielectric is %IE Then the potential difference

<
between the plates is
‘V=47q(d—t)+ ‘—*i_'\—a-f
K-1
The capacity per unit area is

o 1
N K1
(4md—=~t)
or is equal to that of an air condenser in which the plates are nearer
together by Elt-

If such a slab of dielectric is inserted between the plates of an
. attracted disc electrometer maintained at a given potential, a layer
- of air intervening between the slab and the attracted disc, the ‘
- charge ¢ is increased in proportion to the capacity. If then P is i
- the pull per unit area when air alone is between the plates, it
~ becomes with the insertion of the slab

X =itk
a dielectric sphere in a pre- %
&d deduced from the effect of placing
phere in the same field. If a sphere of
K is placed in a field in air, previously uniform,

d in upon the sphere, for it is more easily
Th eifectof a sphere with K nbout 1 Ja

i mm,} to the original direction.
ct proof that this is the distribution,
i mtmfy the conditions required

_uehng sphere occupies the

14 ge is induced, and on
s must be so d:stnbuted
e, just neutralising
'“-"n field within the
e following device,
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Let electrification, density p, be distributed uniformly within the "
sphere centre O, radius a, Flrr 77. At any point P within the
sphere the intensity due to this is- along OP and since tke shell

e —— . —
—— —
- _‘{_
T o 3
——
F1G. 76. -

external to P has no effect and the sphere within P may be regarded

as collected at its centre it is equa'l'to g Tp gll;-%rp OP. Now

let electrification density —p be uniformly distributed within

to 00", _
charge in the overlapp: :
hemisphere towards A, :
The thickness of the
O'0A is 00’ cos Hﬁm
Now adJuat = a.ﬁ;l 8
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4 ;
—xp 00" = E.
B,

Then the two layers will give a uniform intensity — E in the
overlapping region, which will neutralise the external field Ein that
region, and the surface density of the layers is

3 E cos 6

1 =

Externally, and only externally, to the spherical space the two*

distributions will act as if each were collected at its centre, and

therefore as if we had electrification -g—';rpas at O and — %-n-pa“ at O".

These two constitute what is termed an electric doublet, and they
correspond to the.two poles of a magnet. We define their moment
to be M = ;—;--:rpaaOO' — Ea®. Just as with a magnet, the in-

2FEa® cos O

tensity at distance d making 6 with 00 is along d,

d?
=y
and Eﬁ—‘:TIEE-perpendicula; tod (see Magnetism),* and this field is
superposed on the uniform field E. It may be noted that just

T A B .
el — o
- '__"
- = f -
.if:::" Ll ;
o Sl i o
T ~ F10.78.
a ) gt v

s of the diumeter parallel to E where
rhood of the sphere is shown in
is modified by the presence of the

ory easily by moting that the two
_ n angle differing from

g e ¥
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rpadp/d?. Here 3 is




112 STATIC ELECTRICITY - : e -

_—cominctor as.if it were a doublet, the forces on the external charges

X producing the field will be the same as those of the doublet. 3

We nave just seen that two almost overlapping spheyes with
: equal radii a and equal and opposite densities of charge, will change
‘ the mternal intensity from E to 0, z.e. by an amount E if they are
equivalent externally to a doublet of moment Ea®. Then in
order that the internal intensity may be changed from E to E/, i..
by an amount E—E/, the pair of spheres must be equivalent
externally to a doublet (E—E’)a.

Iet us assume that when a dielectric sphere, radius a, and with
dielectric constant K is substituted, the field is uniform and equal
to E’ within, and without is E with the field due to the doublet
(K - E')a® superposed on it. In order that this may be the actual
arrangement of intensity it has to satisty the two conditions:—
(1) equality of intensity in the two media tangential to and close
to the surface of the sphere; and () equality of strain in the two
media normal to and close to the surface.

B The tangential intensities at a point on the surface distant a ..-
in the field assumed are :—just outside, E sin 8 — (E — E) sin 6= 4
E’ sin 0 just inside, E sin 6. '
So that any uniform value of E’ will satisfy this condition. ' 3
The normal intensities at the same point are:—just outside,
QE—E’) cos 8 + E cos 6 =(3E—2E’) cos 8; just inside, E* cos 6.
Since the strains are respectively intensity /4 in air and - 53
K X intensity /47 in the sphere, we must have for equality of
normal strain - -

SE — 2E’ = KE! Seeirs o 3
2 whence Be= T(__4-2' : -,_ ‘A: | 4 A

e The moment of the doublet équivalgilf-for the outside is
s LR e T b 2 :

R T N = . 3 Lo et . N, -y
&8 e +2 o gy ar“::.t e i
'_m and the values of the internal and xter) 1 fields thus obtained
satisfy the conditions, and so constitute a

5. ) that it is the only solution.

Since the field without is mox
replaced by the doublet, the actio




*
/
oy

113

RESIDUAL CHARGE AND DISCHARGE

-

The investigation of specific inductive capacity is very much
complivated by what are termed residual effects. If a Leyden
jar is charged and, after standing for a short time, is discharged by
a spark in the ordinar): way, it appears to be completely discharged

_and the two coatings ate at the same potential. But if the jar is

allowed to stand for a short time, with the inner coating insulated,
a new charge gathers of the same sign as the original charge,and a
second much smaller. spark may be obtained on discharging it.
This process may be repeated, and with some jars three, four, five,
or more visible sparks may be obtained in succession, the jar being
allowed to rest insulated after each discharge. If, immediately
after the first discharge, the inner coating is connected to a gold-
leaf electroscope, the charge can be seen to gather, for the leaves
diverge till they touch the side plates and so discharge the jar.
They will diverge and discharge many times in succession. The
electroscope may be used to show that all these charges are of the
same sign as the original charge. They are known as Residual
Charges, and the discharges as Residual Discharges.

If a jar which shows very conspicuous residual effect is charged

‘to some measured potential and left insulated, it is found that the

potential gradually falls, and the discharge obtained on connecting
the coatings for a moment will be less than the original charge.

This fact suggests that the phenomenon is in some way connected

with conduction, and Faraday sought to explain it by supposing
that the two charges left the plates to some extent and penetrated

the dielectric towards each other, some of the 4+ charge on

P

- AB, Fig. 79, for instance, reaching ab, while some of the
= charge on CD reached cd, ab and ¢d being probably further in
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. But when we come to
1all see that this account,
f truth, hardly gives the
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potential and is then insulated, the fall of potential in a given time
is proportional to the initial potential, and, further, that if at any
instant the jar is discharged, the instantaneous discharge is pro-
portional to the potential just before the discharge was made.
Kohlrausch formed a theory of the action going on which
apparently involved the idea of conduction, though he did not
express it in that form. But he pointed gut the resemblance of
the residual phenomena to those of *elastic after-action™ in
« strained wires, which gives a very valuable analogy. If a wire is
twisted—for instance, if a glass fibre is fixed vertically in a clamp
at its upper end, and if the lower end is twisted and held, it will
return on release towards its original position, but not the whole
way. If it is now held in its new position for a time and is then
released, it will return another portion towards its original position,
and so on. We may explain this after-action, as it is termed, by
supposing that some parts of the glass retain strain energy as long
as the strain is retained, while in other parts, though the strain
remains, the energy is dissipated, or the stress diminishes.
Imagine, for instance, that the outer shell of the fibre is *“true ™ in
its elasticity, i.e. that the stress is always proportional to the
strain, but that the inner core gradually loses its strain energy,
even though its strain is maintained. Now twist the compound
fibre. If it is instantly released before the energy in the core has
had time to become dissipated it will return to the original position.
But if the fibre is held twisted for a time the stress in the core -
gradually decreases and the effective strain decreases. When the
fbre is released the effective strain in the core will be entirely

removed before the fibre is entirely untwisted. But some stress 3

still remains in the outer shell when this ?oint is reached, and the
outer shell still tends to untwist, and will continue to untwist till
the core is strained in the opposite direction so much that the
negative stress in it just balances the positive stress still remaining
in the shell On again holding the fibre this negative stress
decreases, and on release the outer shell will be able to
some more negative strain to the core, and sq__-?x_ﬁ_; Gradually the

e d_l";; i
1 ' o

fibre will return to its original position if
perfectly ¢ true™ in its elasticity. But if
dissipation of energy the return will not be

"The most probable explanation o
to this, and was given by Maxv
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form. It takes account of effect
so far it must be a true expl__l{lg i
In it the dielectric is ‘regarded
are slightly conducting, while
lating. We may imagine, ¢
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THE DIELECTRIC 115
dielectric consists in the formation of chains of molecules. If each
molecule consists of a positively charged part a and a negatively
charged®part &, in the entirely unelectrified condition these
molecules «b will be turned indifferently in all directions. When
the dielectric begins to be strained we may suppose that some, at
any rate, arrange themselves in chains between AB and EF, and
if 'AB is positively charged we shall have the negative elements
towards AB thus: AB | ab ab ab ab | EF. As the strain increases
we may suppose the links of the chain, as it were, stretched out

thus:

AB- Lol 6. b a b el - BE

and conduction implies a breakdown of the chain, the first a going

to AB and neutralising part of its positive charge, while its b

unites with the « of the second molecule, and so on along the line, 5
the last b going to EF and neuntralising part of the negative

charge there, thus:

l AB | a ba ba ba b | EF t

- We may suppose that, in the slightly conducting dielectric, a -

E’ very small fraction of the whole number of chains breaks down per i R

~ second, the fraction being pro ortional to the slope of potential. 3

- To illustrate Maxwell’s theory, let us imagine a condenser, e

 ABCD, Fig. 80, with a dielectric of specific inductive capacity K e o

- throughout. Let the upper half B
5 lbtmaEF be a slight conductor, while A B R
- the lower half is a %eerfect insulator. - ea)

t the condenser-be charged till 2

strain is, say, 82 throughout, ¢ D . *
_then let;:m.-’-npper plate be Fro. 80. e
ated. strain 82 remains - g

D. But conduction in the upper half means
it is gradually diminishing.

the condenser remains insulated till
upper half. There will then only be

EF there will be charge 32 — 16 =
I be — 82. If we now discharge the

Wd €D we shall get in the first
CD. AB is now discharged.
- on CD, which will be equally
s a transfer of — 8 from
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and CD remains, and the potential difference between AB and CD
becomes positive again. Let us suppose that AB remains insulated
till the strain between it and EF has decreased from — 8 to — 4.
There will then be charge + 12 on EF. On connecting AB and
CD the two charges —% and —8 will be equally shared, which
implies a discharge of — 2 from CD to AB, equivalent to a
discharue of 4+ 2 from AB. There will then be—6 on each of AB
and CD, with the corresponding +12 on EF. Again insulate AB
* till the strain — 6 between EF and AB has fallen to — 3. On
connecting AB and CD there will be a passage of — 1°5 from
CD equivalent to + 1°5 from AB, and 9 remains on EF. If we
suppose the strain between AB and EF to be halved in this way
each time, the successive discharges from the first will be

24, 2, 15, 1-125, &c.

Evidently discharges will be obtained till the space between
EF and CD is completely free from strain—that is, until all the
charge on CD is gone, Hence, if we have a completely insulating
layer, the sum of all the discharges must equal the original charge.
If, however, the layer between EF and CD is not completely
insulating, but is a worse conductor than the upper layer, though
we shall have residual discharges their sum will be less than the
original charge, owing to the decay of strain terminating on CD.

It is obvious that if the dielectric is homogeneous and slightly
conducting throughout there will be no residual phenomeria accord-
ing to this theory. For the strain will break down simultaneously
from plate to plate, and the first discharge will be complete, as
there will be no charges left within the medium as we have supposed
those left on EF in the above explanation.

We may note here how this explanation differs from that of
Faraday. He appears to have thought of the charge from AB as
gradually moving towards EF, the first links of the chain, as it
were, breaking down first. Then after discharge he thought of the
charge as gradually moving back again towards AB. It is evident,
however, that Faraday had the essential features of the present
theory. LT TR “n iy S

Itya jar is charged, allowed to rest, discharged, and then
charged 1n the opposite direction to a less extent than at first, it 1s
found that it may ultimately show a residual c 7
sign as the first charge. The theory gives
phenomenon.  For su]itp:ose that a
case we have considered, where —
and <+ 8 is that in the lower, we give :
and + 4 on CD, we shall begin w
half and + 4 in the lower, or wr
CD. But if we leave the'jgu_: ong
half will decay to less than — 4,
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rise above that of CD, or we shall again be able to get a positive
discharge from AB.
It is gasy to work out a more general theory where the dielectric
- consists of any number of layers of different thicknesses with
different dielectric constants and different conductivities or rates of
decay of strain, if we assume that Ohm’s law holds—that is, that A
the rate of decay is proportional to the intensity. If D is the
strain and E the intensity. we have

1 ey
T s e
_4!’!'{
whence D=D, K

where D, is the initial strain and ¢ is the specfic conductivity ot
the material. If then at any instant the strains are D, D, . . . 10
layers having conductivities ¢, ¢, . . . dielectric constants K, K, ...
and thicknesses d; d, . . . at any future time ¢ they will be

—Sweik i
Dje X;,Dge Be, &ec,

,[.‘ and the potential will alter from ,
L_ 47xD,d, , 47D,d, '
= | K T s
b _imat _Amegt
B A R D R

¥ K K, |

~ But this general investigation has little value, for in the first i

e the dielectric heterogeneity does not consist in a parallel
ement of layers, each homogenecous, but much more probably
regular granular arrangement. That it is complex was shown
iriginal Papers, ii. p. 2). He found that the poten-

red and then insulated could not be expressed as

~¥:ﬁo exponentials only. If it could be
he above form, certainly more than two
the heterogeneity is more than twofold.
if Ohm’s law holds, we cannot assume

- each element of the structure while
reakdown is, as we have supposed,
yosition may alter the values of
e maiy alter the values of d

ar dimensions.

gued the rate of

ould not obtain
that it was not
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insulation. Boltzmann had found that the strain in a twisted wire
decays at this rate.

But though we cannot as yet give a full quantitative .2xplana-
tion of residual phenomena, there can be no doubt that they are,
at any rate, largely due to conductivity in parts, and that
Maxwell’s theory contains a large element of truth. On the one
hand exceedingly good insulators, such as aiy and other gases, show
no trace of residual chax ‘ge, while on the other hand poorinsulators,
with structure probably heterogeneous, show residual phenomena
in a marked degree.

Rowland -and Nichols * showed that a plate of Iceland spar
exhibited no residual effect whatever, as might be expected if hetero-
geneity of structure is a necessary condltlon for its existence.

Mechanical model illustrating the theory.f The
model consists of a trough of semicircular cross-section (Fig. 81),

say 24 in. long, 6 in. diameter, and divided into eight equal compart-

RS /]

ments hy a middle partition along the axis anlf—]ﬂime cross-
partitions. oy :

It is supported at the two ends, so that it
axls, and a pointer attached to one end moves
Four pipes, with taps, connect the opposite
the taps are turned on. The trough :
upright, so that when emp iti u
ing the taps off, and on pou
the compartments, the equil
trough, if dlsplaced round the axi
considered as analogous to a tube
on the surfaces of two opposi
‘ment representmg the AT
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tube. As long as the taps are turned off, the trough represents a
perfect insulator, for the energy is undissipated. Release of the
trough gorresponds to discharge, and we have oscillations corre-
sponding to the electric oscillations in the discharge of a condenser.

1f the taps are all turned on equally the trough represents a leaky
dielectric of the same conductivity throughout, and holding it in

. the displaced position for a time and then releasing it, it returns
to and remains, after ‘the oscillations have ceased, in a position
<hort of the original position. But if the taps are turned on
unequally—if, say, the two end taps are turned off and the two
middle ones are turned on—it is easily seen that the phenomena

of residual discharge are exactly imitated. For on turning the

~ trough through a given angle and holding it there, the energy in
~ the middle compartments decreases,and on release the trough only
 moves part way back, going to the point at which the mean level
" s the same on the two sides. There is now a negative difference of

. level in the middle compartments if the original difference is

~ called positive. If the trough is held in its new position for a K
~ short time. the negative difference is reduced, and on release the X -
?. trough returns by another amount towards its original position, - 'Y
- and this may ‘be repeated several times antil finally the original e -
~ position is practically regained.
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CHAPTER IX

-RELATION OF SPECIFIC INDUCTIVE CAPACITY
TO REFRACTIVE INDEX. THE MEASURE-
MENT OF SPECIFIC INDUCTIVE CAPACITY

”~

The relation between specific inductive capacity and refractive index in
the electro-magnetic theory of light—Determinations of specific induc-
tive capacity—Boltzmann's condenser method for solids—His experi-
ments with crystalline sulphur—Hopkinson’s experiments—Boltzmann's
experiments on gases—Specific inductive capacity of water, alcohol, and
other electrolytes—Experiments of Cohn and Arons, Rosa, Heerwagen,
and Nernst—Experiments of Dewar and Fleming at low temperatures—
Drude's experiments with electric waves.

The relation between specific inductive capacity and
refractive index in the electro-magnetic theory of light.
Maxwell's electro-magnetic theory of light supposes that light
consists of waves of electric strain transverse to the direction of
propagation accompaunied by magnetic induction perpendicular to
the electric strain, and also transverse to the direction of propaga-

tion. If, forinstance, the light is plane polarised, we must suppose |
the electric strain always in one plane, say that of the paper as :
represented by the vertical-lines in Fig. 82, and alternately up and
down in successive half wave-lengths. The accompanying magnetic

induction will be in a plane perpendicular to thal ‘the |
alternately in and out in successive half wa rths, Arn

with sound waves will suggest to us the ra
pagation in different media. The full
Optices. SR 14

In sound waves there are the twc
and kinetic, and the velocity of pro)
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strain, and the denominator is proportional to the energy possessed
per unit velocity..

If we have two media with different elasticities E, I5,, but with
equal densities, the ratio of the velocities of propagation or the
refractive index of sound waves from one to the other will be

Guided by this analogy, we may regard the energy of electric
strain as corresponding to the energy of elastic strain, and the
energy of magnetic induction as corresponding to kinetic energy.
Since in all transparent media the magnetic permeability is prac-
tically the samé, the energy due to unit induction in the two media
is the same, or the media for electric waves correspond to media of
equal density for seund waves. The electric modulus is, as we have

already seen, ‘;(1, so that if for two media the dielectric constants

are K, and K,, the analogy suggests that the refractive index should

be given by

e Y. X

. : 2 1

If one of the media is air, for which K, =1, and K is the
dielectric constant of the other medium with respect to air,

g ' = VK.

~
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obviously incomplete. In sound waves in
finite and independent of the periodicity of
¢l with the same velocity, and the refractive
* is a definite constant. But in light the
riodicity, and we have the phenomena
index p for transparent substances
ngth i creases. If,;mweveir,astlll]b-
. group of wave-lengths,
"%‘ gna manner which
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In ordinary methods of determining K by experiments on capa-
city, we charge and discharge a condenserin times enormously long
compared with the period of a visible light vibration, and we should
only, thercfore, expect to find VK = w if the value of 4 is that for
very long waves with period long, and if that value is unaffected
by absorption—that is, if the substance is transparent to very
long waves,

We shall now give an account of some of the determinations of
the dielectric constant for solids, liquids, and gases, selecting typical
methods, and not attempting to give any complete account of the
subject.* '

At the time when Maxwell published his treatise on Electricity
and Magnetism the only substance of which the dielectric constant
was at all accurately known was paraffin. Gibson and Barclay
(Phil. Trans., 1871, p. 573) had shortly before found K to be
1'975.  From the refractive index of melted paraffin for the A, D,
and H lines Maxwell calculated the refractive index for light of
infinite wave-length to be 1-422, whence u* = 2:02.

Boltzmann’s condenser method for solids.t Boltzmann
used an air condenser (Fig. 84) with parallel plates so arranged

C-
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that a slab of the dielectric to beexpeﬁt]iented.dﬁ co
He compared the capacities of the condenser w
slab by charging it in each case to a defi
sharing the charge with a quadrant elec

condenser added in order to increase
so that any change in the ca
motion of the needle should b
to the division of the charg

* An account of the earlier wm-
in Gordon's Electricity and Magnet
surements, vol. i.- Later work is de
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~large condenser to that of the electrometer + the small condenser.
Iu order to eliminate the distance of the plates apart, a quantity
not easily measured, Boltzmann moved one plate and took observa-
tions at different distances, so that the distance the one plate was
moved alone came into consideration. The principle of the experi-
ment may be represented as follows:

Let Cy be the capacity of the electrometer + small condenser
¢. and let V be the pofential of the battery. When the key & is
open and £ is connected to a, the electrometer will indicate V..
Now let & be connected to e, the electrometer being thus dis-
charged. I.et £ be connected to 3, the large condenser C being
thus charged to V. Let its capacity be C, when the plates are

- distance d, apart. Let ¢ be disconnected from a and b, and let &
be connected to.f. "Fhus the charge on C is shared with Cyg, and
we have the potential falling to V,, where

e, i )
41 .

-

CIV - Clvl + (_:r,vl
= V.
whence Sr= CEV_‘Vl (1)

Since the two 'i'eadings of the electrometer give us V,/V, we have
C,in terms of C.. -

o epeat these operations when the distance of the plates in C is
ﬂm d, and the capacity to C,, and let the potential after
o 0, ]

T be V,. Then we have -

e R ) oy =
L Gl @)
%en insert theslab with dielectric constant K and with thick-
s d. distance of the plates apart beingd,. Let the capacity
» and the potential after sharing be V;, and

il (3)

ke -2

K] of air, we have

- .
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By this method Boltzmann obtained the following results :

Ebonite K =315
Paraffin 2:82
Sulphur (non-crystalline) 384
Resin ¢ "2 250

The residual effect in these cases was practically negligible, for

the effect was the same whether the contacts onl y lasted for a fraction

. of a second_or whether the operation lasted from one to two
minutes. With glass, gutta-percha, and other less perfect insulators,
however, the residual effects were so great that the method was
inapplicable.

L'he square of the refractive index for paraffin for an infinite
wave-length is calculated to be 2022. That for sulphur for the
D line is a little over 4. That for ebonite * for extreme red rays
is about 276. That for resin is given by Boltzmann as 2-38,
The dielectric constant and the square of the refractive index,
then, are not very different in these cases. :

Boltzmann’s investigations with erystalline sulphur.f
We have seen that if a conducting sphere radius a is placed in a
uniform field E the external field is charged as if there were an
electric doublet at the centre of moment Ea3. Su pose that a sphere
M is charged with Q, and that a conducting sphere N, radius a, is
placed at a distance d from its centre, and is so small that the field
round N due to M may be regarded as uniform and of intensity

E= (% The distribution on N is externally equivalent to a d_oublet

: .
Qj;_s The pull by it on M will therefore be %‘iif we neglect the
G i : e

effect of N'in disturbing the charge on M. The reaction of M on

N will be equal to this. R R
Now replace N by a dielectric sphere of the same size with

constant K. The dielectric sphere is equivalent to a doublet

}-—g;; of that representing the conducting sphere,ﬂginit]:e Pull on ___;
y the dielectric due to M will only be llg_:l of - -Ithewn;%

ducting sphere. S R
Boltzmann arranged a small conducting
silk threads from one end of a toi
deflection when an electrified s
The conducting sphere was then
sulphur sphere, and the pull w.
axes of the crystal were in su
ing sphere. The ratio of
* Ayrton and Phil. )
t Wiear Sisingabrcie, s
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on the sulphur sphere gave the following values of K parallel to
the three axes. "The values of u® along the axes as assigned by
Boltzmazn are also given.

0
K, .= 4773 4596
Ba — 3970 3886
K, = 3811 3-591

Hopkinson’s experiments. Hopkinson * made an exten-
sive series of researches on the specific inductive capacities of solids
and liquids, using for exact measurement a parallel plate con-
denser in which the distance between the plates could be varied till
the capacity was equal to that of another condenser. The principle
of the method may be gathered from the diagrammatic repre-
sentation in Fig. 85.

Let B be a battery of cells earthed at its middle point, so that
the potential of one terminal is as far above that of the earth as the

5]
i l.“l——’%

- 2 = |
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terminal is below it. I.et C be the variable
el adjustable plates, and let S be the con-
must be equalised, in practice a sliding

: axigal eylinders. Q is a quadrant
plate of C and the outer cylinder
ect the upper plate of C and the
y § thl:ﬁe 4+ and — terminals of
K,. Then move K, and K,
nected together and to the
es are equal the two charges
lise each other, but if

the electro-
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3 meter the condenser with that kind has the greaf;er capacity.

C must be adjusted till the electrometer shows no charge and the
equality is obtained. Now leta layer of dielectric be interpcsed in C,
of thickness ¢, If the distance of the plates apart is d, the capacity
K-1 '
—x -4
To obtain equality with S the distance ¢ must be increased by
_ tI\TE_—]- =¢. This distance § can be measured exactly and so K can
be found. 5 : 8
In the apparatus actually used C was a * guard-ring ™ con-
denser of which the inner plate, sharing its charge with S, was
15 cm. in diameter. It was surrounded with a guard-ring con-
nected to the battery when charging, so as to be at the same
potential as the disc. The lines of force thus went straight across
from plate to plate, and the edge effect which would depend on
distance and dielectric was eliminated. Before the disc was con-
nected to S the guard-ring was earthed, and remained earthed
during the connection to S. This method was used for plates of
flint glass, for which the following values were found :

is increased in the ratio d—¢

o Density K _  uforD line =
ETS Very light flint 2-87 661 1541 e
R Light . 32 5 RS 1574 _ i
s _ Dense & 3t o 1622 @
. Extia i3 45 990 10
-r'»-x;:-'f _ : o T R E Nt
e It is evident that u4® is very much less than K. =~ e R

" Hopkinson also showed that the result was the sa
C and S were connected to each other. and to the elect
a time comparable with a second or for a minute
second. Residual phenomena, then, did not i
play. With plate glass, however, it was ne
an instantaneous connection, for with long
failed owing to residual charge. 3
To show, that K is really
otential difference, for a given specim
gense flint glass containing s
water, the 'f‘i)lnt&ctS'_ nf the
coatings. e capacity
com aﬁng it with the
R0 e eglaents as when ch
silver battery.
To find the d
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was used, consisting of a double cylinder in which an insulated
cvlinder could hang, the vertical cross-section being as represented in
Fig. 86. _ -

The capacity of this condenser was com- —= -

red with that of a sliding condenser, fir-t - - =
with air and second with the liquid to be i
tested as the dielectric. The shding con-
denser was brought td equality in each case.
The sliding condenser was graduated, and
its capacity for so many divisions of the
inner cylinder within the outer was known.

The hydrocarbon oils agree in giving
K = 4* nearly, while their values for vegetable
and animal ois differ widely. The Table
below is extracted from Hopkinson’s paper
(Original Papers, ii. p. 85). The square of F1G. 86.
the refractive index for infinitely long waves,
which is given as well as K, is calculated from the dispersion in the
visible spectrum by the formula u = a + b/A, using the sodium
and hydrogen lines,
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Petroleum spirit 1-92 1922

Petroleum oil (Field’s) 2-07 2:075

Turpentine 2:23 2-128

= Castor oil 478 2153
o Sperm oil 302 2135
-~ - OHVE Oill : 316 2151

~ Bol ann’'s experiments on gases. Boltzmann made
- determinations of K for different gases by a simple method, using
it enser within a closed metallic earth-connected vessel which
= ‘or filled with any gas. The connections with
ndenser were made by wires passing through
but hermetically sealed in, as represented
87. The vessel was first exhausted, and
ted to a battery of about 300 Daniell’s cells,

g connected to an electrometer and to
: to a potential which we will call
onnected pair of quadrants of the
he gas to be experimented on was
ained zero, for, as there was
mn B was connected with

S e g

~of force between B

The potential of A
here V, = KV,, K

f vacuum being 1.

- 3 :".?;o‘r i s 5 - -




: Y :‘;%ﬂ: M, =dp ‘ ‘,' ':'_, .
198 STATIC ELECTRICITY

Connecting A again to the battery, its potential was once more
raised to V. But B being insulated, its potential was raised by
an_amount proportional to the additional charge on A, for this
additional charge induced on B an equal and opposite charge con-

il s
‘ o

A -
B
' F1c. 87, _
TR nected with itself and an eqaal like charge connected m‘ti: the sides
% rona of the vessel. We may therefore put the potential of B as equal to i
: h . m(V, — V,) T
f’ where m is a constant, ‘

1
: or m\’l(l_ 3 -K-) i
- o+ S Suppose the charge observed i_n. theelecitrﬁ_ e hﬁﬁer :
SRR by d. The number of cells was now increasec

and the potential of A was consequently rai

that of B was raised by m %l.; i

whence K = —-
- nd’

The follow:
760 ln“!t, WI'
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K K e
Air i 4 1:000590 1-:000295 1000294
Carbonic acid 1000946 1:000473 1-:000449
Hydrogen 1-:00026 4 1:000132 1:000138
Carbonic oxide 1-000690 1:000345 1000340
Nitrous oxide 1:000994 1000497 1-:000503
Olefiant gas . 1:001312 1-:000656 1000678
Marsh gas . 1000944 1:000472 1000443

Specific inductive capacity of water, alcohol, and
other electrolytes. The ordinary condenser method, with com-
paratively slow charge and discharge, is quite inapplicable to such
substances as water, in which the conduction is very appreciable.
The difficulty introduced by conduction was first overcome by Cohn
- and Arons,* who used a modification of a method previously applied

to insulating liquids by Silow. If a quadrant electrometer has
one pair of quadrants to earth and the other pair is connected to
the needle and to a source giving potential V,, then the deflec-
tion (see p. 91) is approximately

~ e v
E;j.-:t ':__" 6__x 2

ty of the needle per radian and X\ is the
couple per radian—that is, it is independent of the sign
If V, altermates rapidly 0 is proportional to the mean

“If the mediny het;veen the needle and the plates is not air, but
id with _ ectric constant K, then _

; electrometers and the a]tematinfg

evminal of a Helmholtz induction coi
deflections were, say, 8, and 4,.
1 the liquid to be experimented on,
- The deflections were now, say,
il e
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In the second case we have
5y _ KCy
55 Xy G ‘
Dividing, we get
l\ 61' 62. -
. They obtained the following values :
' K
Distilled water 76
Ethyl alcohol 265
Amyl aleohol 15
Petroleum ‘ 2:04

The remarkably high values for water and alcohol were con-
firmed by Rosa,* who measured the attraction between two plates
immersed in the liquid, connected through a commutator re-
spectively to the two terminals of a battery supplying any desired
potential difference up to 60 volts. The commutator was reversed
from 2000 to 4000 times per minute, so that the charges of the
plates alternated rapidly. One of the plates was fixed, and the
other was suspended at the end.of a torsion arm, the small
torsion measuring the force. The specific inductive capacity
was determined by finding the ratio of the attraction for the
same difference of potential, with the liquid as medium and with
air. For the K medium the charges are K times as great,
and, therefore, the forces which are (p. 104) proportional to
% are also K times as great. Rosa obtained for water at ¥
25° K=75"7, and for aleohol at 25° K=257. He found that
the conductivity of water might be increased many times by
adding minute quantities of acid without much change in the
attracting force. The force was, however, aligﬁil'é,_ essened |
the addition. Rt T R

Heerwagen,t using a method somewhat like that of
and Arons, found the value of K for v An( |
with temperature, the resu éhf g

.'_‘_'{,‘ e
.

formula YRty

Nernst{ put the li
determined the capaci
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an alternating current.  For water at 17° C. he obtained K= 8000,
and other obwl\m\* by various methods have found nearly the
same value. For alecohol he found K to be about 26.
Expefiments of Dewar and Fleming at low tem-
peratures.f Dewar and Fleming made experiments on the
dielectric constant of ice and other substances from a temperature
of —200° C. upwards, using a condenser consisting of two
co-axial brass cones, abtbut 15 cm. lmltr the outer tnpumtr from
an inside diameter of 51 em. to 2'6 cm., and the space between
the two being 3 mm. The condulsel was charged and discharged
about 120 times per second by an mteuuptm:r tuning-fork and
the circuit was arranged so ‘that either the (‘hulﬂ'lllﬂ’ or the
discharging current alone should go through a tral\am)nuter.
The equalitv of the two was taken to show that conduction was
not coming into play. The space between the cones was filled
with the substance to be examined, and cooled to the temperature
of liquid air, and the ual\anometel deflection was observed on
charging at given potentlal or on discharging. Then the substance
was meltt:d out and replaced by gaseous air at the same tunp( rature,
and the galvanometer deflection was again observed. 'The ratio
of the deflections, after certain corrections, gave the specific
inductive capacity of the substance. Dbkervations were also
made at higher temperatures by allowing the temperature of the
condenser to rise gradually.
The dielectric constant of pure ice at —200° C. was 2°43, rising
with rise of temperature to 708 at —7-5° C., though here
- conduction had set in and the measurement was not so trust-
worthy. A large number of solutions and compounds were thus
- examined, and the general result was that at —200° C. the
- dielectric constant was not much greater than the square of the
-‘ Iefrachve index for exceedingly long waves, as calculated from
. rsion formulz. For castor oil, olive oil, and bisulphide of
tbey wge nearly coincident.
_ ments with electric waves. As a
ly different method of research, in which electric
j!e sluﬂl i:ake Drude’s experiments on water and

-
-
3

r ]

y of eiectrlc waves in air and U, is their

er medium, the refractive index for the waves
7&11, be the lengths in the two media of

T ce of the same frequency A, /A,=U,/U,,
ng  to the electro-magnetic theory
e ratio A1/Ag Drude used a Lecher
transmitted between two parallel
‘thrqugb a‘jl:rough containing the

B e
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liquid to be examined The principle of the method may be
gathered from Fig. 88,

J was an induction coil connected by wires A A to the terminals
of the Blondlot exciter E E, which consisted of two semicircles
with diameter in some cases 5 cm. and in other cases 15 cm.
The brass terminals of E E were 5 mm. diameter, and the spark
gap between them could be varied by a micrometer. Round E I
was a circular wire continued by the patallel wires D D about
. 2 cm. apart.  These might be continued, when desired, into a
trough containing the liquid to be tested and from 30 cm. to
60 cm. long. When sparks took place across the gap in E E waves
were propagated in the space between D D with the velocity of
free waves. H,; H, were holders to keep the wires adjusted and
B, and B, were two wire bridges. Between these, stationar
waves were formed. B, was adjusted to be at the first node: the
second node was where the wires entered the trough of liquid,

E e

Z
¢ = A= (DS
? : J
< —e—
B, HZ D L] H[
\'G

F1G. 88. Jinduction coil; A A wires from its terminals to the exciting circuit
E E, round which is a circuit prolonged by the two wires D D ; B; B, bridges,

By fixed, B, in the liquid trough movable; Z Zehnder vacuum tube lighting
up at a loop. '

and B, was moved about till it was at a third or further node.
In the original arrangement Z was a vacoum tube with terminals
connected by a wire s of such length that the electrical period of
the tube coincided with that of the exciter, but a neon tube laid
across the wires suffices. When B, was at a node and Z at aloop,Z

lighted up with maximum brilliance. Several succe sive nodal
positions were observed by means of this maximum brilliance, and

these were, of course, at intervals of A /2. Thenth&f

detached and replaced by a continuation of the wir
Nodal positions of B, were again observed, and thus
was found. Thence =\, /\, was known. e g
With this apparatus Drude was able the ¢
dispersion—that ise a difference of v
frequency. He used two frequencies,
400X 10%  The velocity for water was
both frequencies, but for glycerin:
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sufficiently expressed the dependence on temperature, though there
were slight variations with variation of frequency.

Witk solutions of small conductivity the refractive index was
nearly the same as for water, but as the conductivity increased,
. the value of the refractive index decidedly decreased. For details

the reader may consult the original papers,
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CHAPTER X
STRESSES IN THE DIELECTRIC

Tension along the lines of strain—Pressure transverse to the lines of
strain—Value of the pressure in a simple case—This value will maintain
equilibrium in any case—There may be other solutions of the problem—
These stresses will not produce equilibrium if K is not uniform—Quincke's
experiments—General expression for the force on a surface due to the
electric tension and pressure—The electric stress system is not an elastic
stress system and is not accompanied by ordinary elastie strains.

We have shown that a charged conducting surface in air is pulled
out by a normal force 27¢* per unit area, and that in a dielectric of
specific inductive capacity K the pull becomes 276 /K per unit area.
Tension along the lines of strain. In accordance with
the dielectric theory of electric action we must suppose that this
pull is exerted on the conductor by the insulating medium in
contact with it. Further, assuming that reaction is equal and
opposite to action, the surface is pulling on the medium with an

equal and opposite force. gy
Let AB, Fig. 89, be a small area a of a charged surface ; ;
AC BD the tube of strain or force starting normally from it.
"The conductor is pulling on the medium in the tube with force
2rota|K=27D%a/K, since D=4. Now consider the equilibrium |
of a lamina of the medium between AB and

¢ 4 a parallel cross-section A’B” very near to it.
The area of A'B’ will also be a if AA’ is
small. The forces on the sides of this lamina
are negligible compared with those on the
' _ ends, since the area of the sides is vanishingly
= = 8" small compared with the area of X
& g Then for equilibrium th
e A o
y . ual and op
A B8 ;(-}:-D’aﬂ{-
Fia. 89. 27D?/K ac
- ow 1m
= removed to A”B” some distance
- and charge that strain in the neig

same in direction and in magnituc
the stress across A'B’ is alte I
- W ‘-'

Ll -

P T
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any point in the medium there is a stress along the lines of force, a
tension 27D2/K, where D is the electric strain. Since E= 47D /K,
we may put the tension equal to KE?/S7.

Pressure transverse to the lines of strain. A portion
of the medium, say the portion between two cross-sections a, a, of
a tube of strain, could not be in equilibrium under these forces
unless the lines of force were parallel and the field uniform.
Equilibrium under the end pulls is obviously impossible unless a, is

llel to a;. To show that the field must also be uniform, let

D, and D, be the strains at a; and q, 3 the difference of the pulls
on the two areas is

27D 2a/K—27D,%q,/ K,
and since Dya, =D,a,, this may be put
27.'1)1(!1

-

(D=D)),

which only vanishes if D, =D, or a,=a,, and this is the condition
for a uniform field. When the field is not uniform there must be
forces across the sides of the tube to make equilibrium possible.
Value of the pressure in a simple case. A value for
. the side forces is suggested by considering a special case. Let a
~ particle charged with Q be placed at O, Fig. 90, and let the

E

w- .-‘_ o - - -
Biiw it AE V2 DPA 0 = C F

L. i";“ '

arge be so far away that the lines of force radiate

m O. Cousider the equilibrium of the shell

eres, ABC radius » and DEF radius 7+ dr,
.~ We have a tension normal to the surface

in equilibrium under a uniform tension

an equal tension, Q*/87K74, on the
quilibrium for the hemisphere
arved surface ABC have a




. ..‘; {‘,-ih 3 -‘_ i -.1&
Ve }-‘f\ A

-

136 STATIC ELECTRICITY

Dealing in the same way with the tensions across DEF, they
ol ~ Q*
have a resultant outwards equal to 8K —dr? 2

When dr is very small, the resultant of these two is a pull inwards

2 (r+4dr)?
This inward pull can only be neutralised by forces applied
round the rim of the shell. _
Let us assume at the rim a uniform pressure P upwards, i.c.
perpendicular to the lines of force. The total area of the rim is
2rdr, so that for equilibrium

: Q%dr Q? 27 D3
— P — — |
2rrdrP =225 and i e

or a pressure normal to the lines of force equal to the tension
along the lines of force would maintain equilibrium,

These equal values will maintain equilibrium in any
case. It is easy to show that when we have a field in which the
level surfaces have double curvature these
equal values of the tension along the
lines and of the pressure transverse to
the lines will suffice for equilibrium.

Let ABCD, Fig. 91, be a small
rectangle on a level surface with its sides
in the planes of principal curvature.

Let O, O, be the centres of curva-
ture and let O,A=R,, O,B=R,.

Let AOB =g, and BOC = ¢,.
The area of ABCD is R,R,¢,¢p..

the tube of strain. Nowidréwflihsectic-n

Its aiea is

(R,—d) (Ra"“’)ﬁz% ;

The normals through ABC D form

.

F1c. 91. of the tube nearer to the centres of curva-
ture by ¢, where ¢ is very
A’B'C’'D’ be the corners of this section. 1

If D,D, ave the straiins__'ognf;
respectively, e

D1R1R2¢i¢'; =D
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The tensions being 27D2/K and 27D,*/K, the resultant pull
inwards 1s r
-
0.2 3 2.1 .2

)
'_K_RIR:‘Px‘f’z(l = R_,_l_{;) 1 R, Royhoe

And substituting ﬂ‘om‘ the previous equation the total pull
inwards 1s

" Qr ) )
—1rAR: Sk S
h. 1 1 2?"1‘}52([{1 Rz)

5 But now suppose there is a transverse pressure P normal to the
surfaces of the rim of the lamina between ABCD and A'BCD".
| The area of ABB'A” is Ry¢p,6.  That of BCCB' is Ry¢hyd.
Resolving P along the normal to ABCD and perpendicular to
it, the latter gives resolutes neutralising each other in pairs. The
former gives

P(R;$,.6.¢, + Ragodpy) = 1 B;“z‘f‘l‘f’z(m + 17;)

so that there is equilibrium if
: P 2ul)

K

E-- There may be other solutions of the problem. Faraday
~ was led to the idea of longitudinal tension and lateral pressure by
~ considering the nature of electric induction. He says:* “The
- attractive force which exists amongst the particles of the dielectric
- in the direction of the induction is accompanied by a repulsive or
ﬂiverg'lﬁfqm in the transverse direction.” Clerk Maxwell

A wilibrium would be maintained if the tension were
vessure. But it is to be remembered that the system
nly a possible solution of the problem of the
im. It is a solution, but there may be others.
y recommends it as worthy of trial, and we
at it is the solution.
1 not produce equilibrium if K is
portant to observe that if we assume the
e medium is not necessarily in equili-
1us a solid dielectric body suspended
tic body in a maguetic ficld, and
‘mining K by the force on a small
| m {qgntra depends upon
tresses other than the
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If, for example, the lines of force pass normally from air into a
dielectric of specific inductive capacity K the electrical tension
in air is 27 D2, while that in the other medium is &T—D—?, so that

K
for equilibrium a force 27TD21\ ]; . must be supplied to keep the

surface layer in equilibrium. The mediumis no doubt elastically
strained, and the corresponding stress supplies the required force.
If the lines of force are parallel to the surface separating one
dielectric from another, the level surfaces are normal to that surface,
and the electrie intensity is the same in each medium. If the electric

2
pressure in air is E?/87, that in the other medium is %E- Hence
T
22
(K—-I)I—' is the pressure needed on the surface of the other

S
medium in addition to the electric pressure to maintain equilibrium,
Quincke’s experiments. Quincke made a series of experi-
ments of historical interest to test the existence of these electrical
tensions and pressures in dielectric liquids. He used a condenser *
with horizontal plates, the upper being hung insulated from a
balance beam, while the lower was insulated and so arranged that
it could be connected to a battery of Leyden jars charged to given
potential. The condenser being charged, the pull G, on the upper
plate was first determined in air. Then, the condenser being sur-
rounded with the liquid to be experimented on, the pull G, was
determined, when the potential difference, and, therefore, the electric
intensity, was the same as before, the plates being the same distance .
apart. ‘Taking the area as A and neglecting the edge effect, we '
have by the foregoing theory : -

G, _AKE? / AE?
G, 8r [/ 8z

or the pulls are in the ratio of the specific inductive capacity.
In each case the condenser was discharged through a ballistic
galvanometer. The quantity flowing through the galvanometer
and indicated by the kick-off was proportional to the capacity of the
condenser, and, therefore, to the specific inductive cqf&cit&of the

widely

T s

=K

medium. This, of course, gave another determination
At first the values by the two methods were some
apart, owing to the neglect of the m.pa.c&y of the conne
and key. When this was taken into account the deter
were fairly in accord.t | R e A s
The existence of the pressure at Tright
force was verified as follows: The upper
replaced by a fixed plate with a
* Phal. :Mag,--. vol. xvi

o P01 Nature, vol. xxxv.
Sl

<
L3
-

-

-
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from a hole in the centre. This was connected to an india-rubber
tube provided with a stop-cock and to a bisulphide of carbon
manomejer. The plates being immersed in the liquid near
together, and to begin with to earth, air was blown into the space
between them through the india-rubber tube until a large central
space extending from plate to plate was cleared of liquid. The
cock was then turned off and the manometer read. The lower
plate was then brought to the same potential as in the experiment
above described, and at once the manometer showed an increase of
pressure, this increase being needed to balance the difference between
the electrical pressures at right angles to the lines of force in the

:r air and in the liquid. If A is the increase of height in the mano-
] meter and o the specific gravity of the liquid used, we have, since E
i is the same in the liquid and in the air,
. § b
(K — ])8-;_ = ghao.
F If the difference of potential and distance apart are the same
" as in the previous experiment we may eliminate E by the result
of that experiment. If we write K, for the value of K as involved
in the pressure at right angles, and K for its value as involved in
the tension along the lines of force, the two experiments give us
respectively :
, E2
1 (K’ g 1) 8 =gh6,
= ™
o K:E* _ G,
- m!d 87 A’
: : g’!rﬂ\
.- . 2

~ other and to the value obtained by the ballistic galvanometer,
*, =3 ,ﬂ' - .-qerl 181 hm by K'
e following Ta‘ble shows the results in a few cases obtained in

periments, the earlier comparing K, and Ky, the
s

P The values obtained for K, and K were nearly equal to each
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The difference in the values for Ky in the earlier and later
experiments is probably to be aseribed to slight differences in the
constitution of the specimens, - <

General expression for the resultant force on a surface
due to the electric tension and pressure. Let a rectangular
tube of strain meet the surface in AB, Fig. 92, making @ with the

normal, and let the area of AB be q. Copsider the equilibrium
of the wedge with section ABC, -

27;{D3a cos 6O, since the

Perpendicular to BC we have a pull

area of BC is ¢ cos 6,

< : . 2:D2 |, .
lcrpendtcular to AC we have a push K@ Sin f.

The forces on the sides parallel to the paper neutralise each
other. Resolving along the normal and tangent, we have
Along the normal outwards

2 - ;
%;) (cos® B—sin? @)= 27;{1) a cos 20. :
Tangential along AB, o
L2 2 ) 2 - iy
~7;(D a (cos O sin O + sin O cos 9)=27;{D a sin 26. 1
The force on AB must be equal to the resultant of these, since j
g f ' "
g
&
":’_ o Py ——
. Fra. 92. -

the wedge considered is in ;quﬁib;ﬁh '

2 = ot gf

wards KD per unit area, snd

The system of forces thus m

force actually observed in any
- The electric stress

strains. The electric stress

-

el S 7
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and columns, as in Fig. 94. If the magnetic axes A ) S
are equally distributed in all directions there will
be no continuous lines of force going in any one | i =

 direction. But if the axes are arranged as in the
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dielectric be solid or fluid. Consider a small cube with four vertical
edges parallel to the lines of force, Fig 03. 'The system of stresses
is obviously equivalent to a shear stressin the plane of the figure and
to pressires on the two faces parallel to that plane. Now,in a fluid
in equilibrium ordinary elastic shear stresses cannot exist and can-
not contribute to maintenance of equilibrium. Indeed, hydrostatic
equilibrium is only possible in a fluid when the pressures about a
point are equal in afl directions. Further, even in a solid the
elastic system of a shear stress and a perpendicular pressure would

roduce on the whole a decrease in volume. For the shear would
not affect the volume, while it is easy to show that the pressure P
1-2¢

N

is Young's modulus. But experiments to be described in the next
chapter show that, at any rate in the case of glass, the presence
of electric strain is accompanied by a uniform dilatation.

We must therefore suppose that the electric stresses are not
elastic forces accompanied by elastic changes of shape, but that
they are called into play in some other way. Where the medium
is material we may probably account for the stresses by molecular
arrangement, on the supposition that the molecules are electric
doublets.

We may illustrate the idea by considering the corresponding
case of a magnetic system. Suppose that we have a number of
little magnets pivoted on points arranged in rows

, where ¢ is Poisson’s ratio and Y

would decrease it by P

figure the opposite oles in the columns will n n n
“attract each other, forming tensions along the
ines of axes. The like poles in the neighbouring
columns will repel each other, forming pressures <0 o0 <
perpendicular to the lines of axes. Some such

eTrpelil 5‘1

JJectric doublets in a material

tric strain, We cannot say, o]
ot such a rearrangement should  wia. o1,
| . system. We onl

' iﬂ appears to | to a uniform
e

oly ;;tteuu-ated it may be doubted
sses by the molecules present,

ucture in the ether before
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CHAPTER XI ' °

ALTERATIONS OBSERVED IN THE DIELEC-
TRIC WHEN IT IS SUBJECTED TO
ELECTRIC STRAIN

Electric expansion in glass—Maxwell's electric stresses do not explain
the effect—KElectric expansion of liquids—Electric double refraction :
The Kerr effect.

WhEN a dielectrie is subjected to electric strain it shows in some
cases a change in volume and in other cases it becomes doubly
refracting.

Electric expansion in glass. The dielectric in a glass
condenser generally expands when the condenser is charged, and
the dielectric becomes the seat of electric strain. This expansion
was known to Volta and has since been studied by Govi, Dater,
Righi, and especially by Quincke.* It may be conveniently
observed and measured by using a common thermometer as a
Leyden jar. The bulb is immersed in melting ice and water, the
water serving as the outer coating, while the liquid conthined in
the bulb serves as the inner coating. On eharging the inside b
connecting it with a large Leyden jar the level is observed to f:
Quincke found that if Av is the change in the internal volume v of
the bulb, if ¢ is the thickness of the glass and V is the potential

difference, then

Az . oportional to !? nearll
—, is proportiona - o

With thicknesses between 01 mm. and 05 mm. andmth o
potential difference sparking at 2 mm. between knobs 2 em. in
diameter, Quincke found that the change in volumg;] y b tween 1 e

in 10%and 1 in 107. In general, when“zt',mse‘i j
sparking occurred and the glass was perforated.

The intensity and strain areprotﬁo
change in volume is proportional to t
in the glass. The expansion oceurs «

simultaneous measurements of increase

* Phil. May. [5], vol. x. p. ao,_whm‘;
. 148
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.~ of a condenser like a thermometer with a long cylindrical bulb

showed that

* I __Y::}_.

Maxwell’s electric stresses do not explain the effect.
The result just given i important as showing at once that no such
system of stresses as that considered in the last chapter will
account for the effect. That system would give extension parallel
to the lines of force, and compression perpendicular to them. But
it fails to account for the effect in that it would give on the whole
a contraction in volume. If,as in the last chapter (Fig. 93), we takea
cube of the dielectric, with its vertical edges parallel to the lines
of foree, it is acted on by its surroundings with the set of forces
represented in the figure.

The vertical tensions and one pair of side forces will give a
shear with no change of volume, while the other pair of pressures
will produce a decrease in unit volume (1 — 25)P/Y, where o is
Poisson’s ratio and Y is Young's modulus. We can perhaps estimate
this effect as compared with the increase measured by Quincke.
In one case of flint glass with a thickness 0°014 cm. the change in
volume was 1 in 10° when the potential difference would spark over
9 mm-between knobs 2 em. in diameter. We may perhaps take this
as a potential difference about equal to 25 E.S. units, and it gives
intensity within the glass E =2 x 10% For fiint gluss K is

' : KE?2
- probably about 7, so that P = —— = 10° nearly.

e Lok 4 UL

ST
1

We may take 1 — 2 = 5 and Y =5 x 10", so that the

s > 0
~ decrease in unit volume should be of the order ]]%,-2 =10"% or 1 in

2P 000,000, !a.‘ inst the observed increase of 1 in 100,000. The
~ Maxwell system of stresses then would only lessen the electric
1510 ghtly, even if we could suppose them to produce

yansion of liquids. Quincke also experimented
wdenser was formed in the liquid by a pair of
ates. The containing vessel was entirely filled
' ept that a capillary tube rose from it
the-_licl;seid. On charging the plates
the tube was observed to alter.
e change in volume is probably
he intensity. In general there
oils, such as colza and almond

-
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Quincke also observed a decrease in the torsional rigidity of
glass, mica, and india-rubber when electrically strained.

Electric double refraction: The Kerr effect. Kerr
discovered* that a liquid dielectric is in general doubly, tefracting
when it i1s the seat of electric strain. It behaves as a uniaxial
crystal with the optic axis along the lines of force. There is there-

- fore a difference in the velocity of rays which traverse the liquid

perpendicular to the lines of force, according as their plane of
polarisation is parallel to or perpendicular to the lines of force.
The effect may be shown by the arrangement of which Fig. 95
1S a [l]ill]. ;

A ray oflight is sent through a polariser P set so that its plane of
polarisation is at 45° to the vertical. It then passes into a trough

T C
"B iﬂi?ﬁ
' —a

W
Fic. 95,

T with glass ends containing the liquid, which may-be carbon
bisulphide very pure and dry. In the trough are two brasseylinders S
3 in. or 4 in. long, with their axes parallel and in the same horizontal
plane. These are connected by rods rising out of the trough to the
terminals of a Wimshurst machine. After emerging from the
trough the ray passes through the analyser A, set at 90° to the
polariser, so that when the liquid is not electrically strained there
1s complete extinction.” The ray then passes on to the eye of an =
observer E, or by using lenses we may project an image of theends
of the conductors in the trough on to a screen. On workin
Wimshurst the field between the two conductors transm
to some extent, and the more the stronger the field.
of the incident beam may be resolved into ec
vibrating respectively vertically and horizon
respectively along and perpendicular to the
travel at different s eedsthroughéﬂi t
when they emerge ill)‘om the electri
instead of uniting to form a
paralle] to that of the original,
polarised beam which cannot
analyser. By inserting a Jami
* Phil. Mag. [4], 1875, vol. L. p =

i -*_. .
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the delay in phase of one ray relative to the other and showed *
that the delay is proportional to the square of the strength of
field as measured by a Thomson electrometer.
Kerr fuvestigated the effect for a large number of liquids + and
~ found that some, which he termed positive liquids, behave like
quartz with its axis parallel to the lines of force, or like glass
extended in a direction parallel to the lines of force. Of the
liquids in which he was able to measure the effect, carbon disulphide
shows it in the greatest degree. Paraffin oil, toluene, and benzene
are other positive liquias. Others, which Kerr termed negative
liquids, behave like Iceland spar with its axis parallel to the lines
of force, or like glass compressed in the direction of the lines of
force. Of these colza oil gives a strong effect ; others are olive oil
and seal oil.

The effect may be expressed conveniently by the number of
wave-lengths difference between the two components in a length /
of the dielectric when the transverse electric field has intensity
E. Experiment shows that if § is the difference of path pursued
in the same time, and™if A is the wave-length of the light used, the
number of wave lengths difference or §/\ is given by

8/ = BIE?

b G oAb a4

g a2 L

BT, TR

where B is a constant for a given substance and wave-length—the

~ Kerr electric constant. The difference of phase is 27d /A, and ¢

~ and A must both be measured in the liquid or both in air. It is

~ easilyshown that if x, and u, are the refractive indices for the two
_rays and X is the wave-length in air

2 | o — jbe = BAIE2,
g ~ Quincke} was the first to obtain a value of B, working with

~ carbon disulphide. Since then various measurements for this
~ liquid have been made§ and the value of B for sodium light

se very near to 81 x 10-7.
€ 'elu:ﬁl:rth the wave-length, increasing as A
This was observed by Kerr, and he thought that u, — x.
as the wave-length. Subsequent observers|| have
implicity of the relation though confirming the
r’s observation. Cotton and Mouton have
of change of temperature and have found
¢ as the temperature rises (loc. cit.).
. 1879 that Ehough nitrobenzene is not a

7~

Phys. Rev,, 20,1909, p. 534.

906, p. 147. McComb,
vol. I, 1911, p. 5.
Eoaits = T  on



{!;‘;r‘
L h 1-*&.-

146 STATIC I‘LFCTRICITY

sufficiently good insulator to allow a persistent field to be estab-
lished in lt yet on making a spark-gap in one of the connect-
ing wires, at each spark the field lighted up, due no doubt to
the oscillations producing a large o»cxllatmrr field between the
conductors.

Schmidt * succeeded in measuring the effect in nitrobenzene.
He used a compensation method in which the ray of light passed
through the liquid in one cell and then through another cell con-
taining a liquid for which B was known, and arranged so as to
have an effect of the opposite kind on the phase relation of the
two components. It was adjustable so that the effect of the two
cells exactly neutralised each other when the same rapidly alter-
nating potential difference was applied to each. He found that
the Kerr constant is sixty times as great for nitrobenzene as for
carbon disulphide, and that it is about the same for the latter and
for water. McComb found that the effect is large for other
aromatic compounds. f

Cotton and Mouton (loc. cit.) discovered that nitrobenzene
exhibits magnetic double refraction, that is that a polarised ray
transmitted perpendlcularly to a magnetic field established in the
hqmd travels at different speeds according as its plane of polarisa-
tion is parallel or perpendicular to the lines of force. They found
that the effect could be expressed by a formula exactly corre-
sponding to that for the Kerr electric effect, viz. :

§/\ = CIH?

where H is the magnetic intensity and Cis the constant of magnetic 3
double refraction for the substance for the way e-length used. For :
nitrobenzene they found that C/B is nearly the same for different
wave-lengths. This has been confirmed for several other aromatic
compounds by McComb and Skinner. }

In Cotton and Mouton’s paper there is some reference to theories
of the subject by Voigt, Havelock, and themselves. These, how-
ever, belong to optics rather than to electricity. |

We may state the Kerr effect in terms of the electro-magnetm
theory of light by saying that K is slightly different in the
electric field. Since the change in velomty is gwen by

—_— e e— e —

v 2.K - ..--_‘_.‘..‘ *":; ". N )

and Dr. Kerrs obser vatlohs show that

where E is the mtens:ty, then% prop

* Ann. der Phys. [4], 7, 1902, p. 142.
+ A number of valn'us‘wﬂl bais‘.fo t}
Constantes 1.
i Phys. Rev,, 29-, 'pp 525 and 5!-15
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K is not constant, but decreases as E increases, and by an amount
proportional to E:.  This is on the supposition that the speed of
the ray with its electric vibrations along the lines of force is alone
affected.” Some experiments by Kerr * appeared to establish this,
but some experiments by Aeckerlein f showed that in nitrobenzene
the ray with its electric vibrations along the lines of force was
retarded and that with its vibrations perpendicular was advanced
and about in the ratio®:1. It is to be noted that the change in K
is exceedingly minute, the change in phase being only a fraction of
a period in a path of several centimetres through a field of perhaps
100,000 volts per centimetre. The Kerr effect in glass is exceed-
ingly small, so small that it cannot always be certainly distinguished
from the effect due to the elastic stresses present.

. *® Phi.. Mag. [5], 37, 1894, p. 380.
¥ Phys Zat., V1I, 1906, p. 594.
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CHAPTER XII
PYROELECTRICITY AND PIEZOELECTRICITY

Pyroelectricity—Historical notes—Analogous and antilogous poles—
Some methods of investigating pyroelectricity—Gaugain's researches—
Lord Kelvin's theory of pyroelectricity—Voigt’s experiment on a
broken crystal—Piezoelectricity—The discovery by the brothers Curie
—The piezoelectric electrometer—Voigt’s theory connecting pyro-
electricity and piezoelectricity — Electric deformation of crystals —
Lippmann’s theory—Verification by the Curies—Dielectric subjected to
uniform pressure—Change of temperature of a pyroelectric crystal on
changing the potential,

Cerrain crystals initially showing no electrification develop, if
heated uniformly, opposite surface electrifications on opposite
surfaces. If they are cooled from a neutral condition the polarity

is reversed. The phenomenon is termed Pyroelectricity, and it was 3
observed first in the eighteenth century. If these crystals, without
being heated, are subjected to pressure along the axis of electrifica- .

tion which was observed when the temperature was charged, then
opposite electrifications develop at the ends of the axis. If they
are subjected to tensions the polarity is reversed. The phenomenon
is termed Piezoelectricity. It was discovered by J. and P. Curie
in 1880. They found that the electrification

under pressure was the same in sign as that
due to cooling, while that under tension was
the same in sign as that due to heating.
The two phenomena are evidently related to

each other. PN L i R

The crystals in which thex

e

are those known as * hem
clined faces.” They have :
faces at the two ends
are unsymme;l
-right angles te
oint. As an
ine, of whic
the s
by the?‘.

phenomenon of pyroelectricity.
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Pyroelectricity: Historical notes. It was discovered
about 1700 that a tourmaline crystal placed in hot ashes attracted
E the ashes, In 1756 AEpinus showed that the effect was electrical
| and that the charges were opposite in sign at the two ends of the
crystal. Soon after, Canton™ showed that the charges were equal
as well as opposite. He connected an insulated tin cup filled with
boiling water to a pith-ball electroscope. A tourmaline crystal
was dropped into the water and the pith ball showed no trace of
electrification, either then or during the subsequent cooling of the
water. Canton found also that the development of electrification
depended only on change of temperature from the neutral condition
and not on the absolute temperature. For if the crystal was in a
neutral condition at any temperature it showed polarity of one
kind if raised above that temperature, and polarity of the opposite
kind if cooled below that ‘temperature. He broke a tourmaline
prism into three pieces and found that each piece exhibited the
_same kind of action along the same axis as the whole crystal. He
found that Brazilian topaz acted like tourmaline, and his con-
temporary Watson discovered other pyroelectric gems.

Haiiy about 1800 discovered that only crystals hemihedral with
inclined faces developed pyroelectricity, and that the end forming
the most acute angles with the axis was positively electrified on
cooling. Other crystals may show electrification when not heated
uniformly, but-this is due to local strains set up by the non-uniform

" heating and a consequent local alteration, as it were, of the
~ crystalline form. |
: Analogous and antilogous poles. Riess termed the

pole on which + electricity appears on heating the analogous pole,
~ and the other the antilogous pole.

- Acrystal mﬂ:ve as many as four pyroelectric axes. Quartz
~ has three axes, bisecting the three angles of 120° between the faces
~ of the prism. ﬁl‘he axis of the prism is not a pyroelectric axis.
~ Some methods of investigating pyroelectricity. The

: ethod consisted in merely heating a crystal and then

t of its surface near an electroscope. Hankel

n copper filings, passed it through a spirit
ly

L e e ik S i S L

ec';:?;l!l reduced to the neutral condition, and
, when its electrification could be tested by

ystal in an air bath and after neutralisation
1e » blew on to it, through muslin, a
ve of red lead and sulphur. The red
e friction with the muslin'alllld
“The positive region of the
o &?the t'egl lead, and
I a tourmaline prism
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is immersed in liquid air and is then lifted out and dusted with red

lead and sulphur before it has time to condense ice on its surface,

it shows the colours cxcel]entl_\-’. -
Gaugain’s researches. Gaugain®* employed an air bath in

‘which a tourmaline crystal was suspended. One end of the crystal was

carthed and the other end was connected to a self-discharging gold-

leaf electroscope, and the total charge developed was measured by
the number of discharges of the gold leaf. ~He found that

1. The charge is proportional to the change of temperature from
neutrality,

%. With different tourmalines of the same kind the charge is
independent of the length and is proportional to the cross-
section.

- Riecke’s researches. Riecke+ made important contribu-
tions to our knowledge of the subject. He investigated the loss of
charge through leakage and showed that it was very much
diminished if the crystal was suspended in a dry vacuum. He
showed that if $ is the change of temperature from neutrality, the
charge is not exactly proportional to $, but may be represented
more nearly by

E = a$ + 032,

He worked in a manner similar to that of Gaugain, and graduating
the electromecter by known charges, he was able to determine

the charges developed in electrostatic units. Thus for a certain y
tourmaline which gave the largest effect he found that 180 E.S. '_‘
units per square centimetre cross-section were developed per 100° C. g

rise of temperature, o EaE b=
Lord Kelvin’s theory of pyroelectricity. To Lord Kelvin

we owe the theory of the subject which is generally accepted. Let

us take the simple case of a crystal like tourmaline with one

pyroelectric axis. We suppose that each molecule of the crystal
is an electric doublet with lines of force or strain passing between
the pair and into and out of the ends. The molecules set in the
crystal with their electric axis parallel to a certain direction, and
there will therefore be a definite amount of strain_passing from L
each positive element of a doublet to the n ; e elemen of' l:l}e 8

doublet next to it. The crystal as a whole will eat of

electric strain along the direction of the axis.

A corresponds to that of a saturated

=250 molecular theory of magnetism.
ey itself almost entirely at the ends of
~ near enough together, and the cry
equal to that which would be

* Ann, de Chim, [3), 57, p. 5 (1850
+ Wied. Ann., 28, p. 43 (1886) 3

L L i
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ositive and negative at the two ends, and giving out the same
number of tubes of strain as those actually issuing. But through
the positive and negative ions which always exist to some small
extent in the air, through conducting films on the crystal and
sometimes by conduction in the body of the crystal itself, charges
will in time gather on the surfaces at the ends of the axis, negative
on the end from which tubes of strain issue, and positive on the
other end into which they enter, entirely masking the existence of
the strain so that there is no external field. This is the ordinary
neutral condition of a pyroelectric crystal.

We have now to suppose that the electric strain passing forward
| from molecule to molecule depends on the temperature and that
it alters nearly in proportion to the change of temperature. Then
when the temperature changes there will be an unbalanced strain
proportional to the change, producing the same effect as a positive
charge at one end and a negative charge at the other until con-
duction again does its work in bringing up masking charges. The
apparent charges are proportional evidently to the cross-section
and independent of the length. '

We may picture a molecular model which might give the eftect,
and though it suffers from the common defect of such models in
being statical, whereas in reality everything must be in motion, it
will at least serve as a working hypothesis. We suppose the
molecules to be doublets set with their axes all parallel to a given
direction and with the positive part of each to the right,as in Fig.
97, and we suppose that there is some connection between the
positive of each molecule and the negative in the next. For
instance, in Fig. 97 there are five internal lines of force in each

?
3
2
3
).

ee external lines connecting it to the next on each
s run in opposite directions from the same
lines to the extreme molecule on the left
sking charge, and those from the extreme
nd on the negative masking charge.
ose that through a rise in temperature the
od. Then the external lines of force
s bulging out may take place to
pair of molecules may touch
ither side, as represented
‘concerned are drawn,
rains are in opposite
| neutralise each other.
. "" ‘-Il""-tl. g = -~ :.
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Then more or less straightening oceurs and we get something of the
arrangement represented in Fig. 99, which shows that one of the
external connecting lines disappears, there is one more ‘internal
connecting line, and there is one extruded line passing from end to
end of the crystal, not through the chains of molecules, and not

3\ N
VFd ‘\ = e
@P/
Fic. 98.

even necessarily through the crystal. At each end of this line
there will be an element of what was previously the masking
charge, but is now what we may term free charge. and the con-
dition is represented in Fig. 100." This model would explain pyro-
electricity as due merely to molecular separations, and we ought

N N = N
F = 4 e
Fic. 99, 3

to get a similar effect if the molecular separation is produced
by tension, and, as we shall see, this is just what the Curies found.

But we may imagine another molecular model in which pyro-
electric effects should occur if rise of temperature produces separation
of the constituent charges in each molecule without extension as a
whole. It will easily be seen that then the internal lines of force
bulge out and finally extrude a line of force running in the opposite

F— > — -

direction to that in Fig. 100, and
line and one less internal line, as
case the charges developed a
developed in the last case. 1

We may describe the elec
this molecular chain theo

issuing per square centim

term this the ** Intensit

- e {0
L ke .
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corresponds to the intensity of magnetisation of a magnet. We
should expect, on the theors, that if a pyroelectric crystal is
’ broken across an electric axis, then the two broken axes would
4 show appurent electrifications equal and opposite. Canton is
sometimes supposed to have shown this, * but he does not appear
to ha.\e gone further than a demmv-tmtmn that each fragment

L AL E R )

TRy Yy,
L,

Fic. 101.

- behaved with chanrre of temperature like the \\h(ﬂe crystal. 'The
3 expenment was ﬁrat successfully made by Voigt.*

Voigt's experiment on a broken crystal He fastened
the two ends of a small tourmaline rod to two brass rods which
were connected electrically. He then broke the tourmaline in the
middle and dipped the two broken surfaces into mercury
cups connected to a Nernst-Dolazalek electrometer which show ed
charges on the ends. He found as a mean result that there was an
intensity of electrification at 24° C. of — 354 E.S. units, or the
electrical moment of 1 c.c. at 24° C. was — 334, the sign being

negative because the electrification was opposite to that which
would have ap ared on the same surface mtﬁ rise of temperature,
- Now for this kind of crvstal the electrification gathering per 1°C.
 rise of temperature was found to be about + 12 E.S. units per

nquarecenhmetre. Hence at 24° + 3? . = 52° C., the electrical

= yst. should be zero. Or, if we return to the

it may be that both effects, dilatation and inter-

on, exist, and that at 52° C. they balance each

q_'ha discovery by the brothers
piezoclectricity was made by the
:mgnt ented diagrammatically in
3 dral with inclined faces cut into
It was placed between the jaws
s and the crystal were ebonite
| - against the ends of the
5 nadmnts of an electro-




L
154 STATIC ELECTRICITY

When the vice was screwed up, a charge was shown in the
clectrometer.  On discharging this and then releasing the crystal
from pressure the polarity was reversed. -

A number of crystals were thus tested, and it was found that
always compression gave the same sign of charge at one end as
cooling, and extension the same sign as heating.* Working with
tourmaline and applying pressure by a loaded lever by which the
force could be measured, it was found that
1. The positive and negative charges were equal.

2. The change in charge de developed was proportional to the
change in the total force dF and changed sign with dF.

3. The charge was independent of the length. _

4. The charge was independent of the cross-section for a given
total force. Hence de « dF. ;

We may use the first molecular model described on p. 151 to

give us an idea of a possible way in which the effect is produced,

A% s g

-

o
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Fi1c. 102.

pressure instead of by heating and cooling.

To find the amount of charge produced, an arrang: ment repre-
sented in Fig. 103 was adopted. ~ A block of the cn'ﬁmfe"ithit‘e“dﬂ ;
lined with tinfoil was placed between insulating ebonite |

known force F could ﬁe applied by a lever, pnkahaﬁn,

the changes in dimensions being produced now"‘by teﬁ;sion and

andg & py

e tinfoil was connected to one plate of a small c cmown
AL capacity C, and also to one pair of quadra :
S QE.  The lower tinfoil and the
S - carthed. The other pair of q

S charged by a Daniell’s cell D sc

was the same as that given b
to it. This force was then s |
came to the zero reading found
were earthed. N b

* The account of the exparim
of papers in G‘umsgdcm irie.

s
- X

T - 3
-

sadtisa g
=r %




Let E be the capacity of the electrometer and tinfoil, though
. thelatter is probabry negligible. Let ¢ be the charge due to F.
This charges capacity C + E to D volts, where D is the E.M.F. of
" the Daniell's cell, or to D/300 E.S. units.

; Then g =(C +E)D/300.
3 Now C was removedeand the force was adjusted to ¥, again

giving zero reading. Let ¢" be the charge.
Then ¢ =ED/300
and ~ qg—q = CD/300

;
3
3
1

L

which gives us g — ¢’ in terms of known quantities.
But ¢ is proportional to F. Put, then, ¢ — ¢" = MF — IY) and

we find
A= 15

— 1.1_-1‘!

which determines X.
The Curies found that a load of 1 kgm. on a certain tourmaline

F o
1N

Fia. 103.

AL ‘inpamty of 14‘2‘ em. to 1'12 volts, the E.M.F.
S ik 143
0 : }= 23:0 2 _ 053

e a charge 541 x 10°% On a quartz
one of the three axes which are perpen-
orism a load of 1 kgm. gave

-.‘-;"

;'-,;f-,mllrconde“““
.qppose that, as

£ - 3 F ol
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Now substitute a second condenser capacity C,. If the first
charge is now g, and the force is F,, the second will still be ¢ with
force I, and we have

¢ — ¢ = NF, — F) = C,D/300
C,o Fr—F
C. F,—F,

The piezoelectric electrometer. The Curies were led
from this to the invention of a very convenient instrument for
producing definite small quantities of electricity.

Let Fig. 104 represent a rectangular block of quartz with the
optic axis—the axis of the prism—parallel to the edge AC. TLet
one of the pyro- and piezoelectric axes be parallel to the edge
BF. They found that load F on the face ACDE gave charge on
the face DEFG

!

and

«LLF
€

where L is the length AB, e is the thickness AD, and x has the
value already found, viz. 632 x 1078
C E E.S. unit per dyne.

In the instrument a quartz plate is
cut with length L several centimetres,
with breadth AC two or three centi-
metres, and with thickness e as small
as is consistent with strength_sufficient

to carry loads of the order of 1 kgm.

/ This plate is fixed in brass pieces at

B F the top and bottom and hung vertically
¢ y Y~ from a support above, with a scale pan

Electcriotagis below, as shown diagrammatically in

FiG. 104. Fig. 105, toeamry alload. %00« . 8

: Tinfoil #¢ is pasted on to the front
and back of the plate, and wires pass from the tinfoils to th system
to be charged. The charge is proportional to the tof ﬁadand; 3%
if the load be increased the additional cha al to
the additional load. The instrument m
of an electrometer and condenser in the

Voigt’s theory connecting
piezoelectricity.* The Curie
clectrification at the ends
produced by cooling, and t
This suggests that the cha
alone be concerned in the 1
has investigated the question.
of the me _Qdc . -".‘. by

4 o il Vi
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The deformation of an element of a body is completely
expressed in terms of six quantities® which we wmay denote
by ABC abe. If the intensities of electrification due to the
strains a2 E, E, E; in three directions at right angles, we may
suppose that each term in the strain contributes to the electrifica-
tion, and so we get

E; = LA £ 0B + 208 + N+ A+ \ge

A !"—ﬂwn

with similar values for E, and E,, and for the most general case
with different values for the coefficients . Thus for this most
general case—a hemihedgal crystal with
inclined faces in the triclinic system—
we shall have eighteen independent
coefficients of the type A. In all but
this general case there are relations
holding between the coefficients owing ~ , c
to the symmetry of the crystal about ¢
certain planes or directions, and their
number may be greatly reduced. Thus e T
we get definite values of the intensities

- of electrification in terms of the change
~ of shape whether it is produced by

~ heat or by stress. t

Riecke and Voigt T have tested the

~ theory for tourmaline and quartz.

~ Knowing the piezoelectricity produced
by given deformations, they were able
- to determine the coefficients. Then,
~ measuring the dilatations in different
~ directions with rise of temperature,
~ they were able to determine the
~ charges wh_iﬁcle;"':hhould bt? roduced

_ ' by the ch: of shape on

1ot ﬁg:nd that p?n a Fia. 105.
‘about four-fifths -

wge could be accounted for by dilatation.

i B A o e

| eloae agreement with Voigt’s theory in
: n of crystals: Lippmann’s

scovery of piezoelectricity Lippmann |
| be a converse effect, viz. a change in

e crystal when it was subjected to
Lippmann’s theory as follows :

. 4oL
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Let us take such a system as a condenser with one surface earthed
and with the other connected to a source at potential x where #
can be varied at will. Let the charge at # be m.  Let the plates
of the condenser be / apart and let them be subjected to force F,
compressing the dielectric.  Then in changing the length /, work
Fdlis done. Let the temperature be kept constant so that in any
cycle f dQ = 0, where dQ is an element of heat imparted. Then, on
the whole, no heat is converted into work or wvice versa during a
cycle, and we have only to consider the interchange of energy
between the electrical form and that represented by the work done.

If E is the electrical energy, the principle of the conservation
of energy gives in any cycle -

/ (@ - Far = o.

Further, we assume that the charge m is a definite function of the
condition of the system, there being no leakage, and so when we go
through a cycle

fdm X0 5

Lippmann termed this the principle of the conservation of
electricity.

Now let us represent the system on a diagram in which abscissz
represent / and ordinates F, so that areas represent yorlf done,
Fig. 106. The dependence of m on the physical condition implies

7

o g L
Fic. 106.
that we can draw a series of equal 61!_:5' e

~as AD at charge m-dm and 'BCat
will be a definite function of the

?
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Now let us take the condenser round the cycle ABCD, starting
from A, one plate being earthed throughout. Along AB the other

late is connected to a source at @, and F and / are varied as
represented by the slope of AB, and charge dm is taken in. AtB
the plate is insulated and F and 7 varied as represented by the slope
of BC. At C the plate is connected to a source at a-d, and we
move back along CD till dm is given back to the source. . Then the

late is insulated and we return along DA to the initial condition.
The net electrical energy received is

)
:
E:. xdm — (@—dx)dm = dadm.

The net work done is represented by the area ABCD, which is

easily seen to be

dF

(55); dwds

where dl is the increase of I as we move along AB at constant .
Equating the two expressions for the energy,

dF\
dadm = (- ) dadl
dm dF
o (Z)e=(Z) (1)
- Taking z and F as the independent variables, let us put
- dm = cdx + hdF @)
b= dl = adx + bdF (3)
~ Ifde = 0 in (2) and (3), g
e g dm\ _h
(m .'!" = ?J (.].)
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The Curies found that for tourmaline (p. 155) ‘

a= 541 x 108,
Now let us suppose that F is kept constant and that the potential
is altered. Then - = + a, and for tourmaline this should be
equal to 541 x 1078,

Similarly_f'or quartz % should be equal to 632 x 10-8,

If the quartz plate is cut and loaded as in the piezoelectric
electrometer, it is evident that a similar investigation would
gl\'e

dn _ dl
dE. .~ dr

Verification by the Curies. This result was verified at
once by J. and P. Curie.* It will be sufficient to describe one
experiment. : : :

A thin quartz plate cut perpendicular to an electric axis, like
that in the piezoelectric electrometer, was covered with tinfoil on
its two faces and fixed so that any variation in its length could be
measured by means of a magnifying lever. When a traction of
258 grm. or 258 x 981 dynes was put on, the charge produced was
found to be 018 , so that one dyne would give 739 x 10-7.

-
'-.‘

g, -u.“éa"'.'\a‘ -:‘. -

= : A difference of potential estimated at 65-2 E.S. units=was then
LA put on between the tinfoil plates. This should give

A dl =739 X 652 Xx10-7 =480 x107 cm.

, Direct measurement gave o % R _ _ ¢

S dl = 500 x 1077, S

Dielectric subjected to uniform pressure. - ,_-'Ifﬁ-'t.]i.electnc: ctric
is subjected to uniform pressure p instead of to eng- @rust,a e
precisely similar investigation to that ahove.gwe;* R
- dm=cde—adp
where dv is the volume_c'_ﬁfaq_géf_  The di
taken to represent the relation be
Quincke (ante, p. 142) foun
Jar for a rise of potential a
t was the thickness of th

* Euvres deﬂmﬂuﬁc,

described as well as that in
% B X Al s
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dv K

ﬁ)p=“=?ﬁ'

He fond that for a particular case the total volume change f dv

was equal to about 10-%, the original volume, when the potential
was such as to spark across 2 mm., say, 20 E.S. units, and the
thickness was *014 cm.; whence, ‘if we deal with unit volume of
dielectric. x is of the order 1011,

If we keep = constant,

dm = — adp,

which shows that there will be a change in m depending on the
pressure but, for any moderate values of 2 and dp, exceedingly
minute.

Change of temperature of a pyroelectric crystal on
changing the potential. Lippmann, in the paper already
cited, pointed out that there should be a change of temperature in
a pyroelectric crystal when the electric strain in it is changed, and
the investigation applies to any condenser.

We assume that the pressure and volume remain constant, so
that the only interchanges of energy are between the electrical and
the heat forms. We further assume reversibility.

It is convenient to employ the entropy temperature diagram.
Let us draw on it equal charge lines, AD at m-dm and BC at m, and

whence (

aces through the cycle ABCD.
out in the cycle is dmdr.
) = (= dr.d¢, and
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Taking « and 6 as the independent variables, put
dm = cdx + hd6 '
d¢ = adw + bdf .

and it follows, as in the investigation on p. 159, that A = -a.
Let us apply the formule to, the case of a tourmaline 1 5q. cm.

cross-section and thickness £
According to Riecke (p. 150)

e (%’)x =18

If ¢ is constant, i.e. if we allow no heat to pass in or out,

(&), =-4=2

de/p— b b
i (YA L
But b=+ (dB)‘T‘_G(dG)tﬁ since
t%'—! is the heat capacity, which we may put as pot, Whefe p is the b
density, o the specific heat in work measure. : -

S Then (d_ﬂ) L8O -
dx qb pa'f 3
Integrating from « = 0 to @ = , the rise of temperature is j
=186m .ISBE iy ’.;'—' _
po. ¥ S npa L

% where E is the electric intensity. In practlee thla lu amnll- If-38
Fineey for instance, E is 100, 8 is 300, and P is of the on‘ler Jﬂ' AB ix
s of the order 0'005° C. R
% g Let us now ap ly the formulae to ﬁnd the tem' ¢
: on charging an ordinary condenser. P
We are to find ir-—e- when ¢ is mnstant. < H:i‘,m;u‘* -I | :_..,'?. :

We have Tt o duy (de\ :&

where

de¢

P SR

A6

.
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dg\ _ 1 (dQ\ _ pot

- @)= 3 (@)= = T

] bt (Q_ . 0

. dr/¢ 4=t df pot’

F' If we integrate from z = 0 te.x =@ the total change in 8 is
small, so that we may put 6 constant on the right hand and the
change is |

22  dK 0

M=g5"30 o

- _KE:AK 6
~ 87 Kdf  po

where E is the"intensitfr.
This is much smaller than the value just found for a pyro-

electric crystal, unless E is very much greater than 100.
It is easily found that the isentropic capacity

k. = 2
o @)y = 0+%)
 and b s found to be
e ke Ry S
A ' 47 \K db/ po
gligibly small.*

.ralisad the theory of Lippmann. The reader is referred to
uch, vol. iv., wherea fall account of pyro- and piezoelectricity

,lhv : h the oﬂgln‘l memﬂm-
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't . PART 11 : MAGNETISM

CHAPTER XIII

GENERAL ACCOUNT OF MAGNETIC
ACTIONS

Natural and artificial magnets—Poles—Mechanical action of poles on
: each other—The two poles have opposite mechanical act ions—In a well-
magnetised bar the poles are near the ends—The two poles always ac-
company each other in a magnet—The two poles are equalin strength—
The magnetic action takes place equally well through most media—In-
duced magnetisation—Magnetisation can take place without contact—
Retentivity and permanent magnetism—The earth is a great magnet—
Magnetization induced by the earth—Methods of magnetisation—Single
touch—Divided tonch—Double touch—The electro-magnetic method—
Electro-magnets—Ball-ended magnets—Horseshoe magnets—Compound
magnets—Distribution of magnetisation—Consequent poles—Magnetisa-
- tion chiefly near the surface—Saturation and supersaturation—FPreserva-
' tion of magnetisation—Armatures—Portative force—Nickel and cobalt ‘
magnets—The magnetic field—Lines of force—Mapped by iron filings.

Natural and Artificial magnets. Magnetite,a mineral found
_ in various parts of the world, having the composition Fe,0,, has been
~ known for ages to possess the property of attracting small pieces of
- iron. ltwasf'qhn& E the anéients near Maguesia, in Lydia, and from
the locality, probably, the Greeks gave it the name paywns, whence
ﬂariyetjilagnet. A ]g)iece of the mineral exhibiting -

 attra property is now called a “natural magnet,” to R
ym the steel magnets which are made by processes

e Fow Wi

.

et is dipped in iron filings it is usually found
ufts, chiefly about two points at opposite
1 if the magnet is suspended so that the
~is horizontal, this line will in this

orth and South, and from this

squired the name lode-stone,”

. i | ij:h one end of a
wgnet, acquiring the
ency to set o_ru_;

*
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166 MAGNETISM

and South when freely suspended horizontally. Such a bar was
formerly termed an artificial magnet. '

In describing the fundamental phenomena we shall suppose
that we are dealing with steel magnets. Natural magnets are now
mere curiosities and have not been usefully employed since the
eighteenth century. The prefix “artificial ” has long ceased to be
applied to steel magnets.

Poles. The two ends of a magnetised bar round which the
attractive properties are exhibited are termed its poles. The end
setting towards the North is termed the North-seeking pole, the
other the South-seeking pole, or more shortly the North and the
South poles respectively. They may be designated by NSP and
SSP, or more shortly by N and S. The NSP is frequently marked
on the magnet either by a cut across it, or by N cut in the
metal,

Mechanical actions of poles on each other. If we
suspend one magnet so that it is free to move round on a pivot,
forming in fact a compass needle, and then present to its poles in
succession each of the poles of a second magnet, we find that two
unlike poles attract each other, while two like poles repel each
other, or: '

NSP attracts SSP and repels NSP and

SSP., . 5 = INSPREE o =
The two poles have opposite mechanical actions. Where one attracts
the other repels, and the actions of the two poles tend to neutralise
each other. We may therefore call them respectively positive and
negative, and if we consider a NSP to be positive, we must consider
a SSP to be negative. . '

Position of poles. In a well-magnetised bar the poles are
near the ends.  For, on dipping the bar into iren filings, we find

R L st 2

N . 5
; . " - =
LN S‘!I ;—ms AT

F1a.108. L fagas g

i that the filings cluster chiefly about the ends, and
ey at all near the middle. But though we speak o
S magnet we must remember that they are not d
g e rather regions, in general near the ends of the n
1o The two opposite poles always accomn
on a magnet. If we break a ms
instance, we do not isolate the two
developed at the broken ends, as
becomes a complete magnet with
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GENERAI ACCOUNT OF MAGNETIC ACTIONS 167
ments o to show that it is impossible to obtain one kind of pole
alone on a magnet.

The two poles are equal in strength—that is, they
exert at tqual distances equal forces respectively of attraction and
l' repulsion. This may be proved by bringing up a magnet to a
: compass needle, the magnet being held vertically with its centre
3 on a level with the needle, Fig. 109, and its poles N.and S equidistant
E from the pole n. The two forces then have a vertical resultant,

as will be seen from Fig. 110, and the compass needle is not
deflected in the horizontal plane, but only tends to dip.

N : N

3 ]S a S
p Fi1c. 109. Fi1a. 110,

Another proof of this equality is given by the fact that a bar
of steel weighs the same before and after magnetisation. In the
Jatter case it is acted on by the earth’s magnetisation, but with
forces at the two ends equal and opposite, and therefore at most
~ only forming a directive couple. The forces being equal, we
- conclude that the poles are equal.

- Themagneticaction takes place equally well through
 mostmedia within the limits of our powers of observation. If, for
~ insta a magnetised needle is suspended so as to set North and

th and & magnet is brought near it as in Fig. 111, the needle is
,.- % : . --‘;*"_-'E';.' ~
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168 MAGNETISM : | o

interposed.  There is, however, one striking exception. If the
screen 1s iron and is of sufficient extent the deflection diminishes,
the action of the magnet being screened off by the iron from the
space beyond. ‘
Induced Magnetisation. A piece of iron brought into
contact with a magnet becomes itselfa magnet by induction, the iron
being magnetised in such a marner that the end of it in contact
with the magnet is a pole of the kind opposite to that with which
it is in contact, while the other
S| N end of the iron.is a pole of the
S same kind. The adherence of the
iron to the magnet is explained
43 by the formation of the unlike
pole, while the existence of the
like pole at the further end may
S easily be tested by means of a
suspended compass needle,
Several pieces of iron ma
thus be hung one below the other
from a magnet pole, each mag-
netising the next below it, unlike
poles being together and the last
pole being like the inducing pole :
of the magnet, as in Fig. 112. -
The NSP of the last piece of iron
repels the NSP of a needle. g
This magnetisation can take place
without contact, a given pole inducing a pole of the opposite kind to 2
itself in the nearer part of the piece of iron in which the induction
occurs, the further part having a pole of the samekind. This may %
be shown by placing a compass needle near one end of a bar of iron ;
and then bringing a magnet up near the other end, as in Fig. 118,
say with the NSP towards the bar: the NSP of the needle is re-
pelled, showing that a NSP is induced in the part of the bar more

N e S N

A % o &
A \_Barof Jron ]

Fi1G. 112,

Fo. 118 ¢ .

;

distant from the magnet. If the com
parallel and near to the bar it will
attracted by the part of the bar ne:
which is therefore a SSP, =
If we bring a piece of un
- either end of the needle
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GENERAI ACCOUNT OF MAGNETIC ACTIONS 169

magnetisation by induction, the needle pole inducing in the near
part of the iron an unlike pole by which it is attracted, the like
pole by which it is repelled being at a greater distance and there-
fore not Bavine so much effect.

Retentivity and permanent magnetism. With a soft
iron bar the induced magnetisation usually disappears on with-
drawal of the inducing magnet, But if the bar is of steel more or
less magnetisation remdins permanently. This quality of retaining
magnétisation after the removal of the inducing magnet is termed
retentivity, and the magnetisation so retained is termed permanent

wetism. In general the harder the steel the greater is its
retentivity, while the more nearly it approaches soft, pure iron the
less is its retentivity. The highest degree of retentivity appears
to be possessed by steel containing a certain proportion of tungsten,
and called magnet steel.

If we wish to determine whether a given bar possesses permanent
magnetism, i.e. whether it is a magnet or not, we may bring up
the two ends in succession near to one pole of a suspended compass
needle. If the bar is magpetised in the usual way, one end or the
other will be a pole like that of the needle to which it is presented,
so that in one case repulsion will ensue. If, however, it is un-
magnetised both ends will attract the same pole of the compass
needle, for by induction an unlike pole will in each case be formed
in the nearer of the bar, and by this it will be attracted.
Frequently with a weakly magnetised bar we may observe repulsion
of a pole by one end of the bar when at some distance from the pole,
and this changes to attraction at a smaller distance. We mayascribe
this change to induction. At a small distance the pole of the
~ compass needle acts by induction, forming in the nearer part of the
~ bar a pole unlike itself and so strong as to mask the effect of the
~ like gole by which it was previously repelled.
~ The earth is a great magnet. The tendency of -a

ly suspended magnet to point towards the North led to
ion of the compass, which was introduced into Europe
h century, ‘bably from China, where it had been
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any hunc of years. At first it was supposed to
«ds the Pole Star, but as early as 1269 Adsiger dis-

‘the le did not point exactl North.* Columbus
Atlantic in 1492 again discovered that the
ed from the geographical North, and by
longitudes. This deviation is termed

jon.” In 1576 Norman discovered

needle was suspended throngh its
h its North end downwards through
zonial at London.t

g
, i (1838).
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170 MAGNETISM

In 1600 Dr. Gilbert, of Colchester, published his great book
De Magnete, containing an account of experiments which founded
the science of Magnetism and Electricity, and in this work he
pointed out that the behaviour of the compass needle could be
explained on the supposition that the earth is a great magnet,
somewhat irregularly magnetised so that it cannot be supposed to
have poles merely coincident with the earth’s poles. He used a
spherical lode-stone as a model, and showed that near the surface
a small needle exhibited the tendency to point towards the pole.
He showed further that it dipped in one way in one hemisphere
and in the other way in the other hemisphere, that it was perpen-
dicular to the surface at the two poles and parallel to the surface
round the equator.

It must not be supposed that there are definite magnetic poles
in the earth, but rather that there is a region of South-seeking
polarity in the Northern Hemisphere towards which the NSP of a
compass points, and a region of North-seeking polarity in the
Southern Hemisphere. These regions are not round but near the
geographical poles. There is one point in each hemisphere at
which a magnetised needle free to move about its centre of gravity
dips vertically downwards. That in the Northern Hemisphere has
been visited several times and is situated about 70° N latitude and
97° W longitude, and there the NSP is downwards. That in the
Southern Hemisphere was visited in 1909 and is situated about 72°
S latitude and 155° E longitude. The positions of these points
show that the earth is not magnetised symmetrically.

It is very important to observe that the earth's action on 5
magnets is directive only. The two poles of any ordinary magnet
may be regarded as practically at the same distance from a pole of
the earth, and therefore they will be acted on by equal and opposite
forces by that pole. "The resultant action of the two poles of the
carth thus being a couple is directive and does not tend to move
the centre of gravity of a magnet. -

Magnetisation induced by the earth. Not only is the
magnetisation of the earth sufficient to direct magnetised needles,

‘but it produces quite considerable induced magnetisation. If in
this part of the world a poker be held upright and struck sharply
the lower end becomes a NSP and the upper a SSP, the polarity
acting strongly on a compass needle. If the poker be reversed
and again struck, the magnetisation is quickly rex
is now the lower end becomes a NSP, Any iron I
in the general direction of the dippin
by induction, as, for instance, the
or iron gas-pendants. Iron ships are |
their compasses are affected by
deviation of the compass thus proda
Methods of magnetisation.
devised to magnetise bars of steel b
- 3 e p
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They are all modifications of three, called respectively the methods
of single, double, and divided touch. In our description we shall
assume that the object is to make flat bar magnets, and it appears
that good dimensions for such magnets are on the scale—length
10 to 15, breadth 1, depth 4.

Single touch. The bar to be magnetised is rubbed several
times in the same direction by on¢ pole of the magnetising magnet,

which is moved parallet to itself either at right angles to the bar
or inclined as shown in Fig. 114, the course of the magnet being

E
;
r

Fic. 114,

indicated by the solid line, the dotted line indicating the return
journey at such a distance from the bar that the magnet has no
appreciable influence on it.
 The probable action of the process is that when the N pole of
" the magnetising magnet is put on the end of the bar to be mag-
" petised it induces a SSP at a immediately under it and North-
~ seeking polarity chiefly on the other side, b, but also at the more
- distant , of the bar and at the other end, c. But as N moves
~ along the barit carries along with it the SSP originallyat a, while the
- NSPatb mo s round to occupy the whole of the end N/, and the SSP
- carried to the other end neutralises the weak North-seeking polarity
e, E ~Repetition with the same magnet somewhat in-
but if a magnet weaker than that employed at
od in the repetition it partially demagnetises the
s unsatisfactory, inasmuch as it does not lead
n or to symmetrihcal distr;lbulaion. It may
»d by beginning with, say, the N magnetisin
med.iawing i{ along to the emﬁ
 then turned over and the S magnetising
e to the other end. It is best in this
s other as indicated in Fig. 115.
be carried out much more

ised by Dr. Knight
nd he made by it
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172 MAGNETISM

small magnets of very great power. One, for example, weighing
L oz. troy, when armed with iron at the two ends so that the weight
was still under 2 oz., lifted forty-four times its own weight. The
method is especially applicable to compass needles or skort bars,
Two magnets are used and are placed with their unlike poles
initially as close together as possible, and the needle or bar is laid

R e 5]

v L

F1a. 115.

under them as in Fig. 116, and fixed by a button. Thetwo magnets
. are then gradually drawn apart till their ends slide off the bar,
leaving the bar magnetised as indicated in the figure. The two
magnetising poles are again brought together or near each other,
and then brought down on the middle of the magnet, and the
process is repeated three or four times. The bar is then turned
over and the same number of operations repeated on the other
face. The explanation of the maguetisation is obvious, The

. budior
LL,& S S— nls ——— N
L& ﬁﬂ[ |
S’ N’ 3 ,
' F1G. 116.

method of divided touch requires in general more powerful magnets
than the following method, known as that of : : ‘
Double touch. In this method the ‘magnetising system
consists of two unlike poles, NS, which are kept a constant distance
apart. A horseshoe magnet may be used, or its equivalent, two bar
magnets with a piece of wood between their lower poles, their

5

upper poles be.i!xl% united by soft

- e ﬂ-fh'ﬁ‘n e

iron, Fig. 117. fone baristobe
maguetised, the magnetising poles
V-{ are bro n on to the dle
e | ﬂ-— v
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¥iG. 117.

journeys of the magnetising poles
the middle and the process is contix
thus been in the middle.
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These methods of making magnets give interesting illustrations
of magnetisation by induetion, but they are now little used
except sometimes for compass needles and for the needles used in
the deterthination of the dip of the earth’s magnetic force, in which
’- case the divided touch is employed.* They are for general purposes
: entirely superseded by

The efgctro-magnetic method. In this method a coil of
wire is wrapped round’a hollow cylinder, forming what is termed
a solenoid, the bar to be magnetised is inserted in the cylinder, and
a strong electric current is passed through the coil. When the
current is broken and the bar is withdrawn it is found to be
3 magnetised.

Electro-magnets. The electro-magnetic method is not
only useful for thus making permanent magnets by the inser-
tion of bars and their withdrawal when magnetised. If a coil
of wire carrying a current surrounds an iron core that core is
a powerful magnet while the current is running, though on the
stoppage of the current the magnetisation in aeneral falls off very
greatly. By far the strongest magnets are made by some such
arrangement as that represented in Fig. 118, where the two limbs

T Fio. 118,
rounded by coils through which a current
nbs being joined by a soft iron cross-piece as
rong current passing round the two limbs
: in both limbs as seen from the front,
ion in both, the ends of the soft
ong poles, far stronger than can be
; of steel. It is to be observed,
ains its great strength
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Horseshoe magnets. For purposes in which the two poles
are required close together, steel magnets of the horseshoe form
are often convenient. Bars of this shape may have their length
greater in proportion to breadth and thickness than straizht bals,
and they may be conveniently magnetised either by the electro-
magnetic method, a coil being placed on each limb, or by the
method of double touch after u)nnectmg the two ends by soft
iron cross-piece. g

Compound magnets. Very powerful *“compound ” magnets
are often formed by building together a number of single bars or
horseshoes magnetised separately. This method is not so much
used now as for merly, when it was dn‘ﬁcult to get thick bars of
homogeneous steel.

Distribution of magnetisation. Ifa stra1ght bar magnet
is very carefully magnetised the magnetic action appears to radiate
from very near the ends, and at some distance from the bar the
resultant action is very nearly the same as if the poles were actual
peints within the bar and near the ends. The thinner the bar in
comparison to its length, the nearer are the poles to the ends. If
the bar has dlmensmm say, 10 X 1 x 4, then the peles may perhaps
be considered as an elo'hth or a tenth of the length from the en
This is, however, onlw,r an approximation. If we imagine an ideal
magnet as con51-tmﬂ‘ of a very fine wire or fibre, with its poles
m,tuallx at the two ends, then any real magnet may be regarded as a
bundle of such fibres of unequal lenﬂths If the magnet is well
made the fibres will have their middle points at the middle of the
bar so that the magnetisation is symmetrically distributed, and the
greater number will be of nearly the same length as the bar. :

Ball-ended magnets. Balls of steel or soft iron are bored
and are put one on each end of a steel rod which is magnetised.
The force is directed very much more nearly to a definite pole at -8
the centre of the ball than in other magnets.® -8

: Consequent poles. If there is any irregularity in the
8 stroking of a bar in the process of magnetisation—as, for example,

: mafrnetmng it first in one direction and then in the other—
consequent poles may be developed, i.e. poles of the same kind may
be formed together within the bar. We may obtain a
knitting needle magnetised as in Flg 119, each end gNorth
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: manent magnetisation is usually near the surface of a bar, for if the
3 surface layers be dissolved away by nitric acid the inner core will be
: found to be nearly unmagnetised. Or if a steel tube with a steel
A core be magnetised the core on removal is only slightly magnetised.
3 Saturation and supersaturation. It is found that there
: is a limit to the maguetisation of a given bar, depending on its

composition, temper, and shape. “When the limit 1s reached the

bar is said to be saturated. Just after being magnetised the bar

| is frequently found to have attained a degree of magnetisation
: oreater than it can permanently retain, and it is then said to be

supersaturated. The supersaturation disappears in time if the bar
is left to itself, and rapidly if it is shaken.

Preservation of magnetisation. Armatures. A single
magnet falls below even the normal saturation in course of time,
especially if subjected to rough usage. To preserve the magnetisa-
tion it is usual to keep bar magnets in pairs with their like poles
turned in opposite ways, cross-pieces of soft iron termed armatures
connecting the unlike poles. Horseshoe magnets are provided

- with a single armature connecting the poles. The armatures have
- poles developed by induction as marked in ¥ ig. 120, and each pole

EH SIN / t” i -

e N|S !

~_ . _ F1c. 120, S 3
A being faced by an unlike pole, they are supposed to tend to -

» en rather than to weaken each other.

- Mr. Hookham * has found that if a bundle of bar magnets has

& Jarge soft iron “ pole pieces,” Fig. 121,

" fixed on the ends, the surfaces of the pole

| s being separated only by a very

yus virtually formed retains its Pole pieces
S n%-"ﬁithout an of soft iron.

.> ':}their i 5
: ﬂiort thick

Fia. _121.
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W =« mi,

1

-~
=7

where m is the weight of the magnet W, the weight just sufficient
to detach the armature, and @ a constant for a given guality of
steel, the magnet in each case being in the state of normal
saturation.

Inasmuch as a differs very .widely with the quality of steel
employed, the formula has little general walue, but it may be
pointed out that for magnets of similar form and of the same
quality it is equivalent to

W o« Bxi o B,

where / is a linear dimension, say the breadth ; in other words, W is
proportional to the cross-section.

Nickel and cobalt magnets. While iron is pre-eminent
in its magnetic properties, all bodies, as we shall see in Chapter 15,
give signs of polarity under magnetic induction, though in general
so slight that the polarity can only be observed easily in
exceedingly strong fields such as are produced by powerful
electro-magnets. "There are, however, two other metals, nickel and
cobalt, which, though far less magnetic than iron, still show very
appreciable polarity under induction. Pieces of these metals will
fly to, and be held on by, a strong pole. . |

They may be very appreciably magnetised by insertion within
a magnetising coil and they exhibit some retentivity, nickel,
especially when hardened, more than cobalt. It has been found
possible to make a compass needle of hardened nickel. ~ ¢

The magnetic field. When we consider the space round a :
magnet in connection with the magnetic actions wﬁi?h may be
manifested in it, we term the space the  field * of the magnet.

If we place a magnet on a table, a small compass needle also
placed on the table tends to set in a definite direction in the field.
Its NSP is acted on by a force which we may regard as the resultant
of the repulsion of the NSP and the attraction of the SSP of the
magnet.  We shall suppose that the needle is very small
small that its poles may be taken as equidistant from t
poles ; then its SSP is acted on by the resultant of
of the NSP and the repulsion of the SSP of then;w U
two forces are respectively equal and opposite to those on th
Then the two resultants are equal and opy :
on the needle. It therefore sets with

. I-f to

the resultant forces on the poles.
equilibrium position the couple tenc

to itself it will vibrate mom'ﬁrj! |

-

magnitude of the force on eith
is a kind of double magnetic
on the two ends, and just
gravity pendulum is inverse
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gravity, so the time of vibration of the compass needle is inversely
i proportional to the square root of the force due to the magnet
acting on either pole. Hence by moving the needle about we
may invessigate the direction of the force on a pole at any point
by the direction of the axis, and we may compare the value of the
force at different points by observing the time of vibration.

E Lines of force. If a curve ie drawn in the magnetic field so
: that at every point of tae curve its direction coincides with that
;.. of the ‘magnetic force on a North-seeking pole placed at the point,

S e 7 e il

the curve is called a *line of force.” Itis to beregarded as having
for its positive direction that in which a North-seeking pole would
tend to move,and the opposite direction is negative.

If, for instance, the line of force is in a horizontal plane and a
small compass needle is laid at a point in it, the ncedle will be a
tangent to the curve, and we must think of the line of force as
coming in to the SSP of the needle and going out of the NSP.

We may trace a line of force in a horizontal plane by laying a
maenet on a table and then moving a small compass needle in its
field so that its centre is always travelling in the direction of its
length.

What the compass needle shows in the horizontal plane would
be shown all round the magnet in other planes if we could susg end
a needle so that it was free to move in any direction rounS its
centre of gravity.
~ Lines of force mapped by iron filings. There is a very
simple and beautiful method of exhibiting these lines of force in
the horizontal plane through the magnet by means of iron filings.
E The magnet is laid on or under a sheet of smooth cardboard,
~ and the card is sprinkled with iron filings. The filings are

~ elongated fragments of iron, and owing to the inductive action of

~ the magnet each filing becomes a little magnet and tends to set
~ with its longer axis in a line of force. The friction, however,
pre i jate setting. If the card is gently tapped the

rs are thrown up a little from the card, are momentarily
eved from friction, and so are pulled into the lines of foree.
oy thus map out the direction of the lines.

. 122 shows the g 1 course of the lines of force round a

how the lines of force starting from
r the SSP. They start mostly from
> most crowded the frequency of
W the force there is strongest.
es issue or enter, and there
pm the pole pass outwards
requency that
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this case how many of the lines issuing from the NSP ofone magnet
enter the SSP of the other.
Fig. 124 shows the field due to two bar magnets arranged in one
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line with unlike poles towards each other, and it may be noted that
the mutual induction pulls the two nelghhourmg poles towards
each other.

Fig. 125 is the field due to two bar magnets arranged in one
line with like poles towards each other, and here we notice that
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poles where there are no lines, and a compass needle at that point
shows no directive force.

If two bar magnets are placed in line with unlike poles in con-
tact, then‘they act very nearly as one magnet with poles near the
two distant ends, and very little polarity is shown at the junction.
But if they ave separated by a small gap a strong field is exhibited
in the gap. 4

When the course of the lines of force in a field has been traced,
as in any of the above figures, a compass needle shows us by its
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frequency of vibration that, where the lines crowd together, there

the action is stronger; where the lines open out from each other,

there the action is weaker. We shall see later that the lines may

be drawn according to a plan such that the number passing
through a unit area, held so that they pass through it perpen-
~dicularly, serves as a measure of the action.

We regard the lines of force as symbolising some change which
has taken place in the field, some action which is going on there,
~ an action which is indicated by the setting of a needle and by the
~ magnitude of the pulls on its poles. Now we have seen that we
- always have the two les on the same bar and that the lines of
- force Jeaving one end of the bar in general bend round and enter
~_ the other, and above all we have seen that if we break a magnet

~in two and ly separate the broken ends, or if, as equivalent

separate two magnets as in Fig. 124, then
sld between the two ends. These facts
. conclusion that the lines of force pass
at the inside of the magnet is as it were
that the polarity over its ends is
e surface of what is going on within ;
ther form, the polarity is due to the

-
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the NSP, bending round through the air, entermg the SSP, travel-
ling through the steel body of the magnet, and joining on at the
pmnt of issue, The condition symbolised by the lines of force is
somehow maintained by What goes
on in the body of the magnet.
We may lOll"hly 1llustrate the
‘idea of contmult) by imagining a
number of steel flexible rings of
different sizes a, b, ¢, d, e, f, bound
together along NS as in Fig. 126.
The part where they are bound
together represents the magnet, the
region where they bend round repre-
sents the field in air.
Magnetisation by induc-
Fra. 126, ' tion. Permeability. We may
use the filing method to show some-
thing of what is going onin ma.gnetisation%)y induction. If a piece
of soft iron is placed in a field—for instance, in the field between two
unlike poles as in Fig. 127 (7)—and the field thus produced is com-
pared with that w hen the: soft ‘jron. is removed, Flg 127 (), it is
seen that the lines from N bend round and enter the iron as if they

e s ()

-----

an="

found it easier to go through thei iron thannthmu
they enter the soft iron the passage : from ﬁ,ml i
by a SSP; where they leave the iron at the oth
mto air is manifested by a NSP. But th
that the iron forms an easier passage
as Faraday put it, a better conduc

say, using terms introduced b J .01
or has greater * permeablhﬁy ,-‘.,
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2 «CHAPTER XIV

GENERAL ACCOUNT OF MAGNETIC
ACTIONS —continued

Relation between magnetisation and the magnetising force producing
_ it—The hysteresis loop—Susceptibility and permeability—Magnetisa-
tion and temperature—Permeability and temperature—Change of length
. on magnetisation—Magnetisation and strain.

Ix this chapter we shall give some account of certain less obvious
phenomena of magnetism, which for their complete discussion
require a knowledge of the methods of magnetic measurement.
But without quantitative details a general idea of the phenomena
may be obtained, and this general idea will be valuable when we
come to the more exact investigations of magnetic quantities in
later chapters.

Relation between magnetisation and the mag-
netising force producing it. Without entering into detail
we shall now give a short account of the relation between the

\i&\o@ooooooom;fﬁ/j}‘/f//* _
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and the magnetic force by which the
.d, and we shall suppose that we use the
»d of producing it. We have already
arrent is itself a magnet. If Fig. 128
y a plane through its axis,
nvestigated by inserting a
newhat as represented
ally :para_llel within

ey pass out from

~ If we turn a
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182 MAGNETISM
in their positive direction, the direction of flow of the current in
the coil must be that in which the head is turned round. If the
current be reversed, the magnetisation is reversed. The force on a
pole inside the coil is proportional to the current. a0

Now let us imagine that two equal coils, or solenoids, A and B,
are arranged as in Fig. 129 so that the same current flows in
opposite directions round them.* Let asmall needle be placed mid-
way between the near ends. It will be at 4 neutral point—that is,
a point where the two coil magnets neutralise each other—and if

N

00000000] 1

B

Fi1aG. 129.

the coils are placed East and West the needle will set N and S
under the earth’s force which is perpendicular to the common axis.
Now let a bar of iron be placed within A. When the current
is put on, the bar at once becomes a magnet and there js nothing -
on the other side, B, to counteract its magnetic action on the needle, s
which will therefore be deflected and by an amount which will
indicate the magnetisation of the bar. We shall here assume that
the magnetisation is proportional to the tangent of the angle of
deflection, and that the magnetising force producing it is due to
the current in A and is proportional to that current, B being so far
away as to have no appreciable action. S
Imagine that we make a series of measurements of magnet
force as given by the current and of the accom
tion as given by the deflection of the needle,
the current from zero to a large value, and .
be plotted against magnetising force on a ¢
nature of the result is inﬂ,watqd in Fig. 1
The curve of magnetisation, thou
different kinds of iron, shows in get
a part O A for very smal]. \
part A B sloping very st
nearly horizontal line
change trom one to ano
If, instead of merel; 3
we take it up’tga% -mr I
. ) f;:tﬁ?_‘. ¥
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ultimately reverse it, we find that the magnetisation will in general
decrease in different ways according to the position of the point P,

: C
<
-
N A
0 b
Maqndmng force.
Fic. 130.

Fig. 131, on the curve representing the condition arrived at before
decrease. If Pisin the straight initial part O A, the magnetisation
~ will decrease in proportion to the decrease in the magnetising
" force. But if P is on the upper part of the curve when we begin

T

magnetisation for a given
ian it was on the outgoing
' Jies above O A P.
, and this tendency
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184 MAGNETISM

magnetisation retained, represented by O M in the figure, and this
retained magnetisation is the residual magnetism. It measures the
retentivity of the specimen. If the current is now gradually
increased from zero in the opposite direction the magnetisation
decreases and will be zero for a certain magnetising force O N in the
direction opposite to that of the original force. I'his is termed the
coercive force.  On still furthertincreasing the reversed current the
magnetisation is reversed. If we cease to tncrease it at Q and then
begin to diminish again, hysteresis is shown, and when the current
is again zero there will be residual magnetisation O M’ now in the
opposite direction to O M. Increasing the current from zero in
the original direction, we shall travel to a point near P, but a little
below it, when the original maximum current is reached, and
repeating the cycle we shall get another curve. Aftera number of
cycles the curves obtained for each practically coincide, as we have
supposed in the figure. The area P M Q M’P is termed the
hysteresis loop.

The hysteresis curve varies for different specimens of iron and
steel. Thus for magnet steel O M is not very great, but O N is
considerable; while for soft iron O M may be very great and
ON may be smalk ‘

Susceptibility and permeability. The greater the poles
developed in a bar of iron or steel under a given magnetising force,
the greater is the susceptibility of the bar to magnetisation. When
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In the last chapter we introduced the idea of magnetic permea-
bility as describing the power of conducting the lines of magnetic
force possessed by a magnetic body. Though permeability is
connectec with susceptibility, it implies a somewhat different way
of looking at magnetic actions and is not measured in the same
way. We may realise the difference, perhaps, by considering the
case of a bar inserted in a magnetwing solenoid A B, Fig. 133, and
placed some distance f'om a needle N, which it deflects. Before
the bar is inserted the space A B contains air, and the lines of
magnetic force due to the electric current in the coil are passing
along this space and ultimately out into the field, and are deflecting
the needle N. Let ussuppose that N is brought back to its original

N
A B M
7Y ] \ [ ]

Fic. 133.

L
7

_ position by a magnet M placed to the right. Now let the bar be
3 inserted. Many more lines of force pass through it than through
the air which it displaces, and we say that FOIES are developed on
the bar. The needle N is again deflected, and we measure the
strength of the poles or the magnetisation of the bar by the in-
crease in the lines of foree, that is, by the deflection which is due
to the substitution of iron for air. We do not consider the

: etisation of the space A B before the bar was inserted, but only
_the increase when the iron displaces the air. If we inserted an
equal bar of wood or of glass instead of the iron, the lines of force
~ would pass through it practically-as through the air and the needle
 would show no appreciable change in deflection or development of
~ polarity in tge wood or glass. Hence, though they are the seat of
netic action, yet as they only have the same action as air, or

s space, we say that they have no susceptibility— their
hall see later that this is not strictly true, fof x has

i . for so-called non-magnetic substance, but so small
the poles eveloped in the experiment

.pends on the excess of lines of force over
-','1_'_ rh air. 4
n the total number "mssing through, not
ed the air carries or conducts
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ted many move lines
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186 MAGNETISM

is measured by the excess and the permeability by the multiplica-
tion of lines of force. We shall see later that it is’ convenient to
adopt such units of permeability x and of susceptibility x that
] A v

We sce then that the permeability curve is like the suscepti-
bility curve, but we must multiply the ordinates of the latter by
4 7 and raise the whole curve by 1 to give the former.

“ Permeability ” is the more fundamehtal idea, for it takes
account of the whole magnetic action going on. Susceptibility ™
is somewhat artificial, but it is convenient to use the term, as x
1s more directly measured in certain methods of experiment.

Magnetisation and temperature. If we heat a magnet
to a bright red heat and then cool it, we find that the magnetisa-
tion has entirely disappeared. If we place a bar of iron or steel at
a bright red heat within a magnetising coil it shows no suscepti-
bility. But as it cools to a dull red usually a little below 800° C,
its susceptibility is almost suddenly regained. If an iron ball
heated to a bright red is hung by a spiral spring over a strong
pole it is not attracted, but as it cools a point is reached when it
is suddenly pulled down to the pole.

Hopkinson * found that with a certain specimen of iron the
permeability increased with rise of temperature up to 775° C., when

it was many times the value at ordinary temperatures. A slight 3
further rise to 786° sufficed to render it non-magnetic.. He called i
the temperature at which the magnetic permeability ceases to be -
more than that of air the critical temperature. "The critical tempera-

ture varies, with different specimens of iron and steel, frqm 690° to
870° C._ It may be taken usually as not very far from 750° C. e
This sudden change in property is related to other phenomena.

Gore T observed that if an iron wire was heated to redness and
then allowed to cool, at a certain point a slight elongation occurred.
Barrett I observed that if a piece of iron, or, better, hard steel, 184 <8

heated to bright redness and then allowed to cool, at a certam

point it suddenly glows more brightly. This can easily be

observed in a dark room. The phenomenon was te 2
Barrett “recalescence,” as implying a sudden rise of tem
The Hopkinson § measured this rise. He found that a I
ol hard steel, after cooling to 680°, suddenly rose to
ehes: - began to cool again, and he showed that the

Ryt assumed at the same time. No doubt th

B s Gore occurs at the same point. There is t
' in the molecular condition of tk
magnetic to the non-magnetic ¢
ceptibility disappears and its y
Permanent magnets &
a permanent magnet has alrea
* Plil. Trans. (1889), A, p. 443,
1 Phil. Mag., Jan. 1874,
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tions of temperature, to get rid of a sort of temperature hysteresis
which ocecurs at first, then subsequent rise of temperature within
ordinary range results in diminution of magnetisation, but on the
fall of femerature to the original value the magnetisation increases
to its original value. This may be easily verified by an experiment
represented in plan in Fig. 184. A needle, N S, with an attached

.~ muor is suspended so as to thr#w an image on a scale. Lwo
-
Lamp
: _J/ Scale
‘N
Murror
= ”~
15 Nj [ s)
Hot , Cool
=

Fi6. 134. -

magnets are brought up, one on either side, at such distances that
they neutralise each other’s action on the needle. They are fixed in
position. Then one magnet is warmed, say, by bringing up from
below a beaker of warm water to surround it. At once its
F etisation is diminished, and the needle shows by its deflec-
" tion that the cool magnet is the stronger. When the temperature
~ isteduced once more t(:hits original value the needle returns to its
. original position. By this arrangement the magnet whose tempera-
- ture Bmd'n bﬁrouyébt quite near to the needle, so that a e[‘.)mall
g in its magnetisation may produce a considerable deflection.
ing*found that if a bar is only ve weakly magnetised, then
\perature p duces increase t:?magnetisation. As the
ly magnetised this increase falls off and ultiniately
ordinary steel bar magnets the effect is always
with rise of temperature.
‘temperature. A large number of
ade with different qualities of iron and
querg;eabﬂlty with change of
only describe the results of some
' ' of Whitworth mild steel.

Srd ed. p. 181. :
the b’ﬁd&menm work on the

d on The Magnetism

80, 14 i gives an excellent
\eir dependence on the

e
‘of temperature on
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There are two cases to be distinguished, that when the iron is
in a very weak field comparable with that of the earth, and that
when the field is very much stronger.

With the weak field it will be observed that the permeability
increases enormously up to nearly 785° C. and then suddenl y drops
apparently to that of air. With a field about ten times as great it
is at first more considerable, remains nearly constant for a time,
but drops gradually after 600° to the air value at 735° C. With
a field one hundred times as great it begins at the same value as

TIo000
A
§ | 5000
]
S :
Q Field4
o1d 0D
{1000 feld Fid B0
o 200 ~ 200 600 735°
Temperature :
F1G. 135.* _ -

with the weak force, remains practically constant to 500° and then :
falls off to the condition of, apparently, no susceptibility at 735°C.
Subsequent researches, which will be referred to in Chapter X XTI, ]
have shown that the permeability does not fall quite to that of air. :
Change of length on magnetisation. Joule T was the
first to observe that a bar of iron changes its length on magnetisa-
tion. He placed the bar or rod to be experimented on withina
magnetising coil with its lower end fixed and its uppmt pressit g
against a lever. This in turn pressed against a se e
which the free end moved in the field of a mier

division of the microscope scale cor
of aninch. The ll;od.h s 36 inches
ing, increasing with the magnet
or 1 /1 80000 of the 'lél'iggg'n
magnetising forees, and as
the square of the magne
measure any change in
the rod in a tube fill
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A change In volume

Al

through which a capillary tube passed. )
of 1 in 4,500,000 would have been shown, but no motion of the
end of the liquid in the capillary was observed.

Manyothers have worked on this subject, but we owe our most
exact knowledge to Bidwell, who showed that as the magnetising
force increases, the lengthening reaches a maximum, decreases to
zero, and is followed by a shortenmg. Bidwell worked with both
rods * and rings. His ethod of carrying out the rod experiment
will be seen from Fig. 186. The solenoid was fixed on the rod to

-

Lamp.

Mirror

| D ]

Fi1a. 136,
«sure of the rod against the base due
to the attraction between the solenoid and the rod—a source of
considerable error when such small changes of length are to be
observed. The apparatus for multiplying the change of length

avoid alteration in the pre
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The results for cobalt and nickel rods are also given, It will
be observed that the greatest lengthening in iron is about two in
a million, while the ultimate shortening approaches seven in a
million. The behaviour of cobalt is just the opposite o that of
iron, while nickel contracts always and is nruch more affected than
either of the other metals. In Rapports du Congrés International
de Physique, vol. ii. p. 536, there is an account of the work done
on this subject. It has been found that there is an increase in
volume on magnetisation of the order of 1 in 108 for a field of
1000 in iron and steel, and an increase somewhat less in mickel.

Stress and magnetisation. When a body either pre-
viously magnetised or under the action of a magnetising force is
subjected to stress, the magnetisation is affected by the stress.
We shall here only give a short account of two cases, referring the
reader for a fuller treatment of this very complicated subject to
Ewing’s Magnetic Induction in Iron and other Metals, chap. ix.*

Matteucel discovered that if a bar of magnetised iron *is
pulled lengthwise ” its magnetisation was increased. Villari found
that the nature of this effect depends upon the degree of magnetisa-
tion. If the bar is weakly magnetised, then the effect of a pull is
to increase the magnetisation as Matteucci observed, but if the bar
is strongly magnetised the pull decreases the magnetisation. That
is, after a certain point in the magnetisation the effect is reversed.
This is known as the Villari reversal. Comparing this with the
effect of maguetisation on change of length, we note that there is
areciprocity. Weak magnetisation lengthensabar. Lengthening
a weakly magnetised bar increases the magnetisation, Strong
magnetisation shortens a bar. Lengthening a strongly inagnetised
bar decreases, while shortening increases, the magnetisation.

It may be noted here that with nickel and cobalt bars the
reciprocal effects also hold. Thus nickel shortens, whatever the
value of the magnetising force, and reciproeally a longitudinal pull
leads to diminution of magnetisation. Weakly magnetised cobalt
shortens, and a pull diminishes the weak magnetisation. Strongly.
magnetised cobalt lengthens, and a pull increases the strong
magnetisation. These reciprocal effects are illu ‘ onsaf%gugm— A

cities which are continually met with in ph{sm&lp 1enom
are dealt with in J. J. Thomson’s dpplications of I
Physics and Chemistry. 20 Pt

Lord Kelvin,} who was the first to ir

stress with requisite exnctqess,pﬁin@,ﬂﬁ"

pull on a bar in a weak magnetic fi

and a push as decreasing its permea
change of permeability is rewerse'a?\ e%t

9th ed., Magnetism, p. 253. Mrm

(Too. cit.), who has himself largely cc
t Math, and Phys. Papers, vol. i
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- GENERAL ACCOUNT OF MAGNETIC ACTIONS 191
R The second case which we shall consider is one discovered by
G. Wiedemann. If aniron wire is carrying an electric current, then
the lines of force are circles round the axis of the wire and the
wire is cirgularly magnetised, but as the lines of force ave complete
within the wire, the iron does not produce an external field. But
Wiedemann found that if the wire is twisted it becomes longitu-
dinally magnetised. If the current is flowing down the wire and
the lower end is twisted,so that the front part moves from right to
’ left, that lower end becomes a NSP. Suppose that the square

A B C D represents the unsheared form of a piece of the metal in
the front part of the wire, AD being parallel to the axis of the

: b 1 CGurent

B A
HI
M /

'.' . \ <
H

F1c. 138

wire and the direction of the current. The magnetising force H due
_ to the current will be perpendicularas to AD.  Now let the wire be
- twisted so that CD moves to the left relatively to A B. This
-~ shear may be represented by a lengthening of the diagonal A C
~ and of all lines parallel to it, and a shortening of the diagonal
BD and all lines parallel to it. With weak magnetisation the
P ab:ﬁty‘lng along AC, and is decreased along B D.
e magnetising force due to the current is still H. Resolve it
AC, and H, parallel to D B. These are each
{, and are equal. But H,, acting in a direction

, produces stronger magnetisation along A C
' B. The resultant magnetisation, there-
wnwards, For if M, M, represent these
tant M slants down. Hence the lower

-~

to

-

1 effect. If the wire be magt;etised
e passed along it, then the lower end
L R '

\z magnetising current these
: wi reversal, but so far
e :ﬂil:%p::on described,




CHAPTER XV,

MOLECULAR HYPOTHESIS OF THE
CONSTITUTION OF MAGNETS

Molecular hypothesis—Ewing’s theory and model—Dissipation of
energy in a hysteresis cycle—Temperature and magnetisation—
Attempts to explain the constitution of molecular magnets.

Molecular hypothesis of the constitution of magnets.
"I'he fundamental phenomena of magnetisation receive an explana-
tion on the hypothesis that the molecules of iron and steel are
themselves small permanent magnets, capable of being turned
round their centres. This hypothesis was first propounded in
definite form by Weber.* It has since been developed by
G. Wiedemann, Hughes, Maxwell, and above all by Ewing.+

In the eighteenth century Aepinus supposed that magnetism
consisted of two fluids with opposite properties, uniformly mixed
in an unmagnetised bar, and that one was pulled to one end and
the other pushed to the other end under a magnetising force.
Coulomb and others supposed that the separation went on in each
molecule separately, and this was the first step in the molecular
hypothesis.  Poisson developed it in this form and investigated its
mathematical theory. But Weber gave it a new form, now univer- '
sally adopted, in supposing that each molecule of iron or steel, or at
least each molecule which contributes to the magnetic condition,is
itself a permanent magnet, with definite polarity, and capable of
rotation about its centre. No attempt was made to account for
the magnetisation of the molecules, so that the hypothesis attempts

to give an account of the structure of a magnet ”:b‘lllt’ﬂpﬂjﬁma er . |

maguets in a particular way, and does not in .
magnetism. 3% o ) 8
According to Weber, the axes of these
an unmagnetised bar are pointing e
represented in Fig. 189, so that in an
the whole magnet, but Iargq-migmd
molecule, an equal fraction of the wh

¥

point in every given dilM'iOﬂifmw

* Pogg, Ann. Ixxxvii. (1852),

t Ewing's paper dqmihi!a)éi
(1890), p. 342. He gives an ac
Magnetio Induction in Iron a
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field. When a magnetising force acts, it is supposed to turn the
maguetic molecules round with their axes more or less in the
direction of the force, though there is some constraint (not
accounted for by Weber) tending to restore them to their original
position. But the stronger the magnetising force the more the
constraint is overcome, and in a very strongly magnetised bar we

SN 2 W\ AN SN/
| W AN Y \/
N7 N AT R\

—_—

Fic. 139,

may suppose that all the molecular axes are turned nearly into
line, with their north ends towards one end of the bar, and their
south ends towards the other end, forming molecular magnetic
chains as in Fig. 140. The poles are to be supposed to be arranged
on all the chains as shown on the central chain. The unlike poles
of successive members of a chain are close together so as to neutralise

each other, but obviously each chain will have an unneutralised
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~ends so that there will be a number of un-
is P's on the surface near one end of the bar, and an
| number of unneutralised SSP’s near the other end. .And
1 having equal poles, the total polarity is the same
‘the bar be cut through at A B, on

, row of unneutralised SSP’s will be

to the right a row of NSP's will
cut through the molecules
ne. :

he magnetisation which
il the molecular magnets
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104 MAGNETISM

are turned round so as to be parallel to the magnetising force.
The existence of such a limit is borne out by experiment. The
curve B C in Fig. 130, p. 183, tends to become nearly parallel to
the axis when the magnetising force is increased to a,very great
value. An interesting experiment by Beetz* also shows that
there is probably a limit. A varnished silver wire with a very
narrow scratch through the varnish was made the cathode in an
electrolytic cell containing a salt of iron in solution. This was
arranged in a weak magnetic field parallel to the scratch, and the
iron molecules as they were laid down on the silver one by one
were free to turn in the direction of the field. The magnetisation
of the iron deposited was very great for so small a mass, and was
found to be only very slightly increased when the wire was placed
in a very powerful field.

When a bar undergoing magnetisation is vibrated, say, by
hammering, it is magnetised more strongly than if quiet, and we
may perhaps assume that the vibration frees the molecules from
their constraint so that they yield more easily to the magnetis-
ing force. ‘ R

A modification of the theory was made by Wiedemann t and
by Hughes.t If a number of bars of iron are made up into a
bundle, magnetised ‘along their lengths, and then partially
: demagnetised by, say, hammering,
on taking the bundle apart it is
found that some of the bars have
their polarity reversed. The ap- -
parent demagnetisation is partly
Magnelised due to the completion of the mag-

- netic circuit of the stronger bars
through the weaker ones, which =
' nted in

=
‘\’\ AT LY
w
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N < s they reverse as  represente
: 3 N Fig. 141, Carrying this idea down
N L < L

to molecular regions, Wiedemann
= and Hughes suggested that in an
i3 F16. 141. u’nmagn_etised bar thmm *_ v
: magnets are ar. in neatral-
ising circuits of two or more molecules, as in Fig.
As originally described, Weber’s theor)
hysteresis. ~Wiedemann sought to expla
there is some sort of friction to be o
molecules round, friction which has
molecules seek to mtﬂm'i;ﬁgﬁ the
Maxwell § introduced the idea
molecule is analogous to an
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-

ments it is proportional to the displacement, and on removal of
the macnetising force there is complete return. With large dis-
placements, however, there is something analogous to permanent

-
n f\
K S, = TV
n S < n e /
a - n S
- S n
' n s
e c——— 4 3
y 5 e s n t S'—_n o

Fic. 142.

set and therefore not complete return. He did not attempt to
account for the permanent set, but simply assumed it.

Ewing's theory and model. Ewing brought a great
simplification into the hypothesis by showing that the mutual
action of the molecular magnets would account for the controlling

_ or constraining forces, tending to restore the molecules exactly
 after small displacements, and for the permanent set, that is, the
residual magnetisation, after large displacements. ‘I'hus no sort of
friction need be assumed, and the hypothesis in its simple form
accounts for the facts. To illustrate the ideas he constructed what
~ is known as Ewing’s model of a magnet, consisting of a number of
~ compass needles placed together asin Fig. 143 (in plan), each needle kgt
representing a molecule. Such a model, if inserted within a 3T

- -6--6--6--6--6--6-6-6 5 1
£ 6-6-0-6-6-06©

el ese o6 600066

‘; —-:’f. o 3 nﬂ- 143-
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1 of the bar in Fig. 129 shows all the
' ion and gives a curve of magnétisa-
t the hysteresis curve in Fig. 131.*
utual molecular actions account for
Ewing in supposing that we have
ers of a square. With no external
mutual actions only, they

heads are north-seeking
3rd ed. p. 351,
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196 MAGNETISM

poles. The magnetic circuit is completed within the group and
there is practically no external field exhibited at a distance.

If a small magnetising force is put on, represented by H, each
magnet will be turned round a little, its N pole tending o move in
the direction of H, as in Fig. 145. But the displacement of a

-

. v ¢
r LY
~ I'
-/
’ ' H
/ ; / _>
Fic. 144, F1G. 145

magnet from a position NS to a position N'S’, Fig. 146, may be
represented by the superposition ‘of two other magnets with equal
poles, for superpose on N S, Fig. 146, a magnet S, N’ and a magnet
N, 8, then N and S, neutralise each other, and § and N, neutralise
each other, and we have N'S’ left.

Thus the effect of the rotation of the four magnets in Fig. 145
may be represented by superposing eight little magnets as in Fig,
147, and these will have a field generally in the direction of H.

o 3 B
: e ;‘
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S oty .
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F1a. 146. {

While the magnetising force H is small‘ﬁﬁ

therefore the lengths of ihe small magnets in
proportional to the mngneti_sinﬁ-ai orce,

will also be proportional to it. But whe
in the value of the magnetising force th
stable and the needles swing round into
in Iig. 148, and their external field

> ' s
_— - 5 et e =

d -
e

e



e oy 3-8 5%

e . L
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On still further increasing H the magnets tend to set more and

more nearly parallel to H, as in Fig. 149, and then the limt of
magnetisation is practically reached.
The cutve of magnetisation is represented in Fig. 150, where O A
represents the initial stage with
no hysteresis, A B the sudden \J
turning round, and BC the °
subsequent approach fo par-
allelism with H. \\J
If H be removed the return
will be from Fig. 149 to Fig. \5
148 — that is, a very large

amount of residual magnetism \}
remains in the direction of H.
Reversal of H will ultimately FiG. 148.

send the magnets round in the
opposite direction and we shall have a sudden reversal of mag-
netisation. The behaviour of such a group may be studied by
placing four compass needles in a square. The earth’s field must
be as nearly as possible neutral-
———— ised by means of a large magnet,
placed so that its field is equal
—_— and opposite to that of the
" B earth. On gradually approach-

ing a second magnet towards

l %)l:;e ﬁ;roupdthe phenomena will o

; observed. ¥

T8N If there are many such square R

3 F16. 149. groups near together, and with B
1, the sides of the squares at e

~ different inclinations to H, instability will set in at different values G

- of H for the different squares, and * the transition from one stage g
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198 MAGNETISM

to another will be gradual in the aggregate, for it will happen at
different values of H in different groups. Hence the curve will
assume a rounded outline in place of the sharp cormers™ of Fig.
150. As each group separately shows hysteresis the.aggregate
will also show it.
Figs. 151, 152, 155 * show the imagined behaviour of a large
R
LA
o o “-1 H=0
Fic. 151,
,__-—-t—-"""-’-—-,.___’ H=%
Y= small
e —_— ;
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Fig. 152. ' i
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group of square set molecules respectively
which has pulled them nearly parallel, and

From Ewing’s model we see how retent
by the molecular poles holding each «

We see, too, that as Hin
action tending to hold the n
increases. Hence if
decreased to a smaller
troiling force due to
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which they had under that smaller value when the value of H was
rising through it.

Fig. 154, taken from Ewing (loc. cit. p. 351),shows the magne-
tisation carve of a group of twenty-four pivoted magnets when the
magnetising force is taken through a complete cvcle.

Dissipation of energy in a hysteresis cycle. A
study of the behaviour of the members of a model at once suggests
that there is dissipatiore of energy when a piece of iron or steel is
taken throughacycle. For work is done on the magnets in putting

- - p—

1_?10. 154,

~ them into line, and when on the diminution and reversal of the
~ magnetising force'a point of instability is reached, the maguets fly
~ round and vibrate about their new position through large ampli-
~ tude. This means that some of the work done appears as energy
~ of yibration. In the molecular magnets we should expect similar
~ behaviour, and the molecular vibration would imply the develop-
heat and a rise in temperature of the iron. In fact,itcan
that the area of the hysteresis loop is proportional Yo the

in a cycle.
erformed in another way than that which
by the rotation of the specimen in a con-
takes place in a dynamo armature when
n rotated between strong poles. Besides
“the rotation will tend to produce
1d to prevent these currents the iron
the direction in which the currents
ally des! '{ed The work done
- The molecular groups
155 tend to keep in their
tising force, so that at
setising force; but
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200 MAGNETISM

before they reach these points they become unstable and swing
round, thus dissipating energy. A remarkable conclusion was
predicted by Swinburne as a consequence of Ewing’s theory, and
was subscquentl}f verified by experimenty viz. that when the field
in such a case as that repre-
sented in Fig. 155 is exceed-
ingly strong, hysteresis should
N S disappear. If ‘the field is so
strong that the molecular
magnets are held all the time
in the line of the magnetisin
force and rotate round their
. centres, as it were, as the iron
travels round, there is no instability, no conversion of magnetic
energy into energy of vibration, and no hysteresis.
Temperature and magnetisation. We have seen that
in a permanent magnet small rise of temperature is accompanied
by diminution of magnetisation, the magnetisation returning to
its initial value when the temperature falls again, We may
perhaps explain this by supposing that rise of temperature is
accompanied by increased vibration of the molecular magnets
about their centres, so that they do not point so entirely in the

direction of the magnetising force. For instance, let NS, Fig. 156,
be the equilibrium position of a molecule

under a force H and let it vibrate between
ny 8y and n, s,, When at Ny §;» We may
represent the effect of the displacement of | b
N by superposing a small magnet s », ;
when at n, s, by superposing’ a small
magnet s n,. s n, has more effect in
destroying the maguetisation in the direc-
tion of H than s n, has in increasing it,
since it is more nearly parallel to it. There
is another possibility which may be men-
tioned. The permeabi lity of iron increases

F1G. 155,

with rise of temperature. The magnetic y 3 Y

circuit of a molecule or of a group of " ik VAR

molecules is partly completed through the . #3 miiﬂ’ B i i
iron, and it is only part which issues into B BRI,
the air.  As the permeability rises with rise of temperature the

groups may find it easier to coniplete more of 1 €
the iron, and some of the lines of force may be withd:
the air. T o8 3

The increase of permeability with rise
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some of the groups become unstable, and for those groups we pass

to the second stage, represented in Fig. 148. As the temperature

rises, more and more groaps pass to this stage, and between 700°
and 800° all the groups have \)ecome unstable and have then come
more or less into line with the magnetising force. "Lhis is repre-

; sented by the great rise in permeability. The sudden disappearance
L of magnetic quality at the critica? temperature, about 785° may

perhaps be explained By supposing that after that temperature
the vibration has become so violent as to change into molecular
rotation,

With strong fields the iron is already in the second or third
stage. Vibration due to heating has two opposite and neutralising
effects. On the cne hand it eases the breaking up of groups and
alignment with the force and so tends to increase the magnetisa-
tion, while on the other it tends to reduce the magnetisation by
the movements out of the line of the force in the way illustrated
in Fig. 156. We may suppose that these opposite effects
keep the curve of permeability nearly level, till at a temperature
near 800° the diminution due to vibration overpowers the increase
due to facility of group breaking and the permeability decreases.

B The change in length of a bar on magnetisation 1s yet to be
~ explained on the molecular hypothesis. It would obviously require
some further assumptions as to molecular grouping or as to
molecular dimensions in different directions.

Attempts to explain the constitution of the
molecular magnets. We have already pointed out that the
molecular hypothesis only carries down the magnetisation from

~ the visible mass of the bar asa whole to its molecular constituents,
and does not account for their magnetisation. Attempts have
been made to explain the magnetisation of the molecules in terms
of electricity. he earliest was Ampere’s hypothesis. He started

~ from the experimental fact that a current flowing in a circular

- wire forms a magnet of which the axis is perpendicular to the

L :j)llme of the wire. He supposed that there was a channel round a

magnetic molecule through which an electric current could flow,

and he further supposed that this channel was perfectly conducting,

y of the current was not dissipated, and therefore,
he current should persist unless an equal and
were in any way superposed. But a continuous
ich as that flowing in a circular wire, is essentially
lines of force are continually converging
 As these lines sweep through the

companied by magnetic action, and
ie field. - We know of no such

:.‘[_iTnes of magnetic force in
und round as it were with
no lines of force could be

.

._‘..'. -

)




202 MAGNETISM T e

added to, or subtracted from, the bundle. For an addition of
lines of force through the channel would mean an inverse current
in *the channel which would just suffice to neutralise the lines
added. Thus Ampere’s hypothesis really gives no explanation in
terms of known facts, but when analysed is a hypothetical device
for securing permanent magnets.-

Another hypothesis much more in touch with experimental
knowledge has lately gained acceptance. * It is founded on the
discovery that a moving charge of electricity produces a magnetic
field. If, adopting astronomical language, we suppose that a
molecule consists of a large positively electrified primaryand a small
negatively electrified satellite revolving round a centre of mass much
nearer the large primary, then it can be shown that the system would
be magnetically equivalent to a small magnet with axis through the
centre of mass perpendicular to the plane of the orbit.* Thus the
magnetism of iron and steel would be explained in terms of the
magnetism which accompanies moving electricity. Still, that
magnetism remains to be explained.

We shall refer to the molecular hypotheses and to an attempt to
determine the strength of the molecular magnets in Chapter X XII.

* This ““electron " hypothesis has been most fully developed by Langevin,-
Ann. de Chim. et de Phys., 8th series [5], 1905, P. 70. A brief account is given at
p. 297 infra. = =




CHAPTER XVI

GENERAL ACCOUNT OF MAGNETIC QUALITIES
OF SUBSTANCES OTHER THAN IRON
AND STEEL

Faraday’s classification of all bodies as either paramagnetics or
diamaguoeties—General law—Explanation of the action of the medium
by an extensicn of Archimedes’ princip!e—FerromagneLics, para-

magnetics, and diamaguoetics.

Paramagnetics and diamagnetics.—We have in the previous

. chapters only described the magnetisation of iron and steel and
. have mentioned that nickel and cobalt show sensible magnetisation
by indvction, though in a far less degree than iron. They attract
and are attracted by the poles of a magnet and possess retentivity
in some conditions. Biot found that a certain needle of carefully
urified nickel—which stands next to iron in its capacity for mag-
hetisation—retained its magnetism and possessed about one-third
the directive force towards the North of that of a certain steel needle

of exactly the same dimensions. Faraday experimented with -
cobalt, which could easily be made to lift more than its own weight, 2
though losing all its magnetism on withdrawal of the inducing N
magnet. 30
- Magnetisation was often ap arently detected by early experi- _-_;_};‘«5
" menters in other metals and aﬁoys, but we may probuh?ﬁv ascribe L
~ the effects they observed to the presence of small quantities .

~ of iron. ' RS
~ Towards the end of the eighteenth century it was observed
% bismuth were repelled from the pole of a strong

[ g™

e

d, then, iron, nickel, and cobalt are attracted,
nd bismuth and antimony are repelled, bi‘: a
_and it was at one time su posed that other
nagnetic properties at all. Faraday, how-
“groups are really only at the two

, “are either attracted” or repelled,
ally so slight that they can only be
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vgred this consisted
‘be tested between
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the substance resembled iron, the bar set itself “axially,” i.e, :

with its longer axis along the line NS, Fig. 157, Joining the two "
poles, and he classed all such substances together as paramagnetics.
If it resembled bismuth or antimony the bar set itself “ equa-

torially,” i.e. along the line e r at right angles to NS, and all such
substances he designated diamagnetics. :

Liquids. By enclosing liquids in glass vessels Faraday was
enabled to determine to which class they belonged.  Thus he found
that solutions of salts of iron are paramagnetic, while alcohol and
water are diamagnetic. '

Gases. He also succeeded in showing the magnetic character
of gases in several ways. Ior instance, if a stream of gas rendered
evident by traces of ammonia and hydrochlone acid was allowed
to ascend between the poles, if diamagnetic it divided into two
streams pushed out from the central region.  Bubbles filled with
the various gases were attracted into or repelled from the central
space between the poles. He found from his experiments that
oxygen in air is strongly magnetic, while nitrogen and hydrogen 4

- are diamagnetic. The following Table gives a few of the more
| important substances, arranged under the two heads, being the
medium surrounding the poles (Zap. Res. vol. lil. BeTEC o~
X . - % -
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s _ The arrows show the direction in which the magnetic action
increases.

Faraday was able to state the following General Law : Para-
magnetic ,substances tend to move from positions where the
magnetic action is weaker to where it is stronger, i.e. from weaker
to stronger parts of the field ;: while diamagnetic substances tend to
move from stronger to weaker parts of the field. The axial setting

. of paramagnetic bars snd the equatorial setting of diamagnetic

S bars at once come under this general law. The field in Fig. 157 is

strongest along and close around the axis N S, and a paramagnetic

body tends to stay there. A bar is in the strongest part of the

field when it lies along the axis. The field mpidl‘v weakens as we

travel along the line ¢ either way from the axis. A diamagnetic

bar therefore gets, on the whole, into a weaker part of the field
when it sets equatorially.

The law is further illustrated by an experiment devised by

Pliicker, which shows whether a liquid is paramagnetic or diamag-

netic. A watch glass containing some liquid is placed on the

poles; the liquid if paramagaetic is attracted to, and if diamagnetic

F1a. 158,

is repelled from, points where the intensity of the field is greatest
and so the level of tie surface is disturbed, its shape depending on
the nature and distance apart of the poles. Thus when the poles
_ are verv close together, say 5 inch apart, a paramagnetic liquid has
~ thesectionshown in Fig. 158 (a), while a diamagnetic liquid has the
~ section shown in Fig. 158(0), the liquid retreating from the cential
~ strongest field. When the poles are further apart the strongest
el - &;rb,of the tield are near to the pole pieces and the centre is
~ weaker and the cffects are nearly reversed.
e Effect of the medium. Faralay also made experiments on
"-- effect of the medium, and he showed that a paramagnetic
in a glass tube behaves as a paramagnetic if
 solution of the same Kkind, and as a diamag-
a stronger solution. For example (E7p. Res.
lution of protosulphate of iron was prepared
of th hydmted crystals to 1 ounce of
stion was prepared by adding to one
R ‘suspended in air in tubes
s strongly so.  1f the
ed between the poles

e force acted upon

P
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it. Suspended in the second weaker solution it behaved again as
a paramagnetic. If a tube containing the weaker solution was
suspended in a vessel containing the stronger, it pointed
equatorially, behaving as a diamagnetic. Surrounded by a solu-
tion of its own strength it was neutral, and in a still weaker solution
it was paramagnetic. He also prepared a solution of protosulphate '
of iron in water which was neitker paramagnetic nor diamagnetic,
the iron salt being neutralised by the watar, \
Explanation of the action of the medium by an ex-
tension of Archimedes’ principle. In Chapter XX we
shall investigate the action of the medium in detail. For the
present we may regard the action as being in accordance with an
extension of Archimedes® principle, the resultant force on a body in
a magnetic field being equal to that on the body minus that onthe
medium which it displaces. We may put this extension of the
principle in the following form : Let N, Fig. 159, be a pole with a

Fic. 159,

magnetic field round it. We may regard all parts of the medium
as acted on by the pole, and as coming, under that action, into a
state of equilibrium in which the medium is in a condition of
strain.” We may resolve the total action on any part of the
medium A into the magnetic action of the pole on :f; and the
actions of its surroundings due to theirstate of strain, the resultant
of the latter being equal and opposite to the former. If now A
e removed and replaced by some other body, A’, of exactly the
same shape, the magnetic action on A’ differs from that on A,
while, unless A”is so strongly magnetic as appreciably to alter the
field, the magnetic action on the rest of the medium remains un-
changed and its strain is the same as before. Since the action of
the medium on A’ depends on this strain it is uqchmged H

-
s

' ence
there is no longer equilibrium, and A’ will be attr or

repelled frem the pole according as it is more or
than the medium. A difficulty in making this
fectly general so as to account for a.l}gl

we have to suppose a vacuum magnetic, for
n a

have to suppose that their repulsion
stronger attraction on the surroun:

another way of saying that what -
space, but contains something ca
acted on by material bodies, a sup
by the transmission of light thro

- %
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is energy and there is momentum, whether it is passing through
ordinary matter or through the highest vacuum of which we have
experience. -
Ferromagnetics, paramagnetics, and diamagnetics.
Though ‘araday only used the two classes, pamumgnutius and
diamagnetics, and to one or other of these referred all bodies, it is
usual now to separate out the threg metals iron, nickel, and cobalt,
and to these may probaply be added manganese, and to class them
as Ferromagnetics. Their magnetisation does not increase 1n
linear fashion with magnetising force and they show hysteresis and
retentivity. The term paramagnetic is reserved for the bodies with
far feebler magnetic qualities. In these the magnetisation is
- proportional to the magnetising force. Curie* showed that with
. given magnetising force the magnetisation for paramagnetics is
inversely as the absolute temperature over a very wide range, thus
extending a result which had been found to hold in certain cases
over a smaller range by G. Wiedemann. This is now known as
Curie’s Law.
Ferromagnetics may probably be regarded as passing into
paramagneties when above their critical temperature.
Diamagnetics, if we describe them in termsi of polarity, may be
regarded as having a like, instead of an opposite, pole formed by an
inducing pole, and Curie found that their magnetisation, except in
the case of bismuth, is very nearly independent of temperature.
"The diamagnetisation of bismuth decreases with rise of temperature _
between — 182° and the point of fusion very nearly linearly, and by 6
about 175y for 1° rise.¥ -l

~ This has led to the suggestion that diamagnetism is not to ‘be Do

, ‘?rded merely as a negative paramagnetism. The temperature ot

~ effect on paramagnetics would appear to show that paramagnetism R

R _;{il‘coni:erﬂed-.ﬁith molecular structure, which changes with change of AN

~J'-t¢mpémmg$irhﬂe the absence or smallness of the effect of change s

* em ure on diamagnetics suggests that diamagnetism is P

] her with the atomic strueture, which is, we may
independent of temperature. .

arn to the forces on paramagnetic and diamagnetic

.
=

_t. V. (1895). An account of the suhject
wternational de Physique, vol, ii. p. 460,

-
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CHAPYER XVII
THE INVERSE SQUARE LAW

Variation of the force due to a pole as the distance from the pole is

varied—The inverse square law—Magnetic measurements founded on the i
law—Coulomb’s experiments—Unit magnetic pole—Strength of pole m ;
—Magnetic intensity—Geometrical construction for the direction of the 1

intensity in the fieid of a bar magnet—Gauss’s proof of the inverse
square law—Deflection method of verification—Moment of a magnet—
Comparison of moments—Some consequences of the inverse square law
—Application of Gau-s’s theorem—Flux of force—Unit tubes—A pole
m sends out 4 m unit tubes—Potential. * 3

Variation of the force due to a pole as the distance
from the pole is varied. The inverse square law. If a
NSP is placed at any point in the field of a magnet, the force on it
is due to the action of the magnet as a whole. We cannot isolate
one of the two polarities. Always the two come into play and the
action is the resultant of the North-seeking repulsion and the South-
seeking attraction. The best approach we can make to isolation of
one polarity consists in so arranging the acting magnet that one
pole has practically very littie action as compared with the
other. - ' |
Coulomb’s experiments. This method was used b
Coulomb, to whom we owe the decisive esperimental proofs wﬂicﬁ—
finally established the inverse square law.* In one experiment he
used a steel wire maguet 25 inches long. He first found that the
poles might be considered an inch from each end. Then, placing
the wire vertically, he noted the time of vibration of a needle
opposite the lower pole and at different small distances from it in

the plane of the magnetic meridian. The upper Tﬂrehﬂ not only
at a much greater distance, but its action wa~ nea rly vertical, so that

for two reasons the horizontal component of the force dus
was sufficiently small to be negligible. ot e

It was necessary to take into accogmﬁﬂl@

which was added to that of the magnet in
suppose that the horizontal force on ea
the earth is H,, and that the force
distance d, is F; and at disiance

.“
%

* For a hi xto'ry of the experiments
Brit. 9th ed., Magnetism, p. 236. 3
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vibration be # when the earth alone acts, and fy and ¢, when the
pole is at the distances d, and d, from the needle. Regarding the
needle as a sort of double pendulum with equal and
acting at the two ends, it is seen that the times o
inversely as the square roots of the forces acting :

b L

opposite forces
f vibration are

T "‘_".:J{

i T e S
- Rt G SRy - B3

3 whence the forces due to the magnet alone are

FI:F,=J——1:—1~-——

R T e |
FE R 4R T

given l)y
1

By observing the times of vibration Coulomb found that the
forces were approximately proportional to the inverse square of the
distances d, and d,, or that the Jorce due to a given pole is inversely
as the square of the distunce from that pole.

He also verified the law by means of the torsion balance (see
ante, p. 62), using two long wire magnets about the same length
as the one described above, and about $ inch in diameter, one being
suspended horizontally in the torsion balance, the other being fixed
vertically so that if the suspended one had remained in the
magnetic meridian, their two like poles, taken as being one inch
from the end of each, would have been in contact. The suspended
needle was repelled from the magnetic meridian, and the torsions
were then measured which were required to bring the two poles to
observed distances from each other. In each case the action of
the earth aided the torsion, and a preliminary experiment was
necessary to determine the torsion equivalent to the earth’s

action. Thus in one experiment, before the vertical magnet was
- put in position, two turns of the torsion head, i.e. 720°, pulled the
~ magnet round 20°, or 700° torsion were required to balance the
~ earth’s cooj&le'dne to 20° deflection from the meridian, giving $5°
~ of torsion per 1° of deflection. Putting the vertical magnet in
! E‘Z sition and bringing the torsion head back to its original posstion,
~ the suspen ~magnet was deflected 24°, the torsion being therefore
: e must add 24 x 35 =840° for the torsion
effect of the earth, making a total of 864° at

_$

flection, the torsion head had to be turned

orsion of 8 x 860 + 12 = 2892°, 'To
5 = 420 for the torsion equivalent of
a \'.gf1:35]2° at 12°  According to
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the inverse square law, but it is convenient here to show how
the law enables us to arrange a definite and practical system
of measurement for the strength of magnetic poles. Were it
possible to obtain perfectly constant fong magnets, it might be
convenient to use one pole of such a magnet as the standard, and
copies of this might be used just as we use copies of the standard
unit of mass. But no magnet retains its magnetisation un-
changed, and we are obliged to fix on a standard depending on the
magnetic force exerted. We therefore take the following definition :

A unit magnetic pole is that which at a distance of 1 cm.
would exert a force of 1 dyne on another equal pole in air.

In practice it would not be advisable to bring two poles so near
as1em. Atsosmall a distance they might weaken each other appre-
ciably by induction.  Also in actual magnets we cannot fix on any
definite point as the pole. The region of North- or South-seeking
polarity might have dimensions quite comparablewith 1cm., but the
inverse square law at once enables us to get over this difficulty.
Arranging the two poles at a distance d apart, where d is so great

& =‘... e

that these objections do not hold, the force will be ?}i dynes.

Having thus a definite standard, if magnetic poles were
constant in strength we might measure the strength of any other
pole by finding the number of unit poles which, placed together, 4
would produce at an equal distance an effect equal to that pro- »
duced by the pole to be measured. But it is easy to show that
if we put a number of equal poles together the total effect is not -
the sum of the separate effects, since they weaken each-other. If
one of two exactly similar equal, bar magnets is placed with its
axis East and West, and a compass needle is laced at some
distance from it at a point in the axial line, anc “the deflection
noted, if the second magnet is now superposed ol . with =3
like poles together the deflection is by no means
we may still measure the strength of a pole in terms
the ratio which its action bears to-that of the umi
distance. We say that N o

The strength of a magnetic pole

pgle at a dista.m'_:e‘d a ff(}rce otg, .

dyne

s

act on_a pole m’ at a dista
actions on the unit pole.
Let us arrange two pc
two points, A and B,
at such distances ¢

equal and opposit
o T 2

s 2 ]
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Now we can show by experiment that any other pole can be
laced at C instead of the unit pole and there will still be
equalltv of the two actions on it. This may easily be carried out

" in a slightly modified form by bringing two vertical long bar
b magnets up E and W of a given compass needle with their like
: poles towards it and on the same level. If the magnets are so
3 -
- 7
or
6 ¥ J
T e Sl BTN
i Cc 3
Fia. 160.

adjusted that the compass remains in the meridian, any other
compass needle placed in the same position will also lie in the
meridian.

If then we place a pole or strength =’ at C it acts on1 at B

¢ - - . . m - » .
with a force Fil and is reacted on by an equal force which balances
2 : : , =l
. the action of m upon it. Hence the force exerted by mon m’" =
4 C

or ( since 2o m) R
or ( s aa 1 e
We have already pointed out that we may assign the algebraic
+ and — to the two kinds of poles inasmuch as they have opposite
actions tending to neutralise each other when acting under similar
circumstances on the same pole. A NSP is always considered to
be +.a SSP to be —. The force between two poles is therefore
L '.q S %‘- and is q.-gep_ulsion or an attraction sccording as their product
‘_‘ . il+ 1) Rt _‘ L
gt ?nmjntensity The force which would act on a

;tr?ﬁ&pos laced at any point in a magnetic field is the magnetic

3

intensity pint. The unit intensity is termed one gauss.
'5:':“"'”?' ﬂéﬂﬂlﬁ the 'mn.gnetic}i'ntensity by the%etter
P oy b aced at a point where the intensity is H the
con ction for the direction of the
bar magnet. On the supposition
poles concentrated at two points a
s to the lines of fo.ce may easily
rawing the lines will be
Bf!:‘. gth ed. p- 230).
rection of the intensity
Iﬂ,l’- a point in the
the nearer pole to P,
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T\'S' through C, in O. Let the circle with O as centre and radius
ON or OS meet PN in Q. Since the circle touches PS at S

PQ . PN = Ps? -

. PQ_PN
e PSR S IPNe

or PQ and PN are inversely as the squares of PN and PS
respectively. Produce NP to Q so that PQ =PQ’, and PSto N’ so

FIG 161,

that PN =PN’; PQ’, PN are proportlona.l to and in the direction
of the intensities due to the two poles, and PR, the diagonal
of the parallelogram PQ'RN’, is the line of their resultant.

To verify this constructfon for a given magnet. the magnet
should be laid on a sheet of paper aund the direction of PR
determined. The sheet should be turned round till PR is in the
line of the magnetic meridian. On placing a compass neadle at P =
the needle will remain in the line PR if the eonstrum as been
correctly made, since the force due to the ms y-
line as the earth’s force. The agreement of ex
tion of course verifies tbe inverse squmae' -’lu,}g’;., |

Gsauss's proof of the inverse square :
exact proof of the law is due t¢ S8
his method is as follows: It
equal distances from the centre
axis and E in the Ezpenﬂmﬂ’
intensity at D will app oXim

if, the i mverae squm law is
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proof that the inverse square is the only law satisfying this
condition we may easily show, as follows, that it does satisfy it.

SRy’ 5% D

T

CD=GE.

1E
Fra. 162,

Let m be the strength of each pole and 7 the distance between
them. Let CD =d.
TLe intensity due to N is
Rsit)
(-3

and that due to S is
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equal forces and their resultant by NE, ES, and NS res

pectively

< : L e, | IR =
I'hen the intensity at L—N_Ex NEE . E
_ml T ml e !

NE? B\3 .

'_<@+ﬂ 3

_mlf P2 ‘) 3
—ﬁv—%ﬁ+&m :

To a similar approximation as before the intensity at E is i
- m

d? 2

1

or half that at D,

It may easily be shown that if the force were inversely as the
pth power of the distance the intensity at D would be p times
that at E. : '

Deflection method of verification. This result may be
verified by the method of deflection. -

A small needle s, Fig. 163, is suspended so that it lies in the

¥

(4
/

-~

1)

S ...:':%

H.

'F1G. 163.

& LSS

magnetic meridian. A magnet NS is

west of it in the line through its
meridian. The magnet is said to
Considering the horizon
strength is u it will be
where H is the homonﬁil

acted on by a foree J].M

needle will set with
two, since there ar
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2ml
[y
Ne = uH
: _ 2l
— Hd®
or the deflection is the same whateyer the strength of the suspended
3 needle. .

Now move the magnet NS till it is north or south of the
suspended needle, with its centre in the meridian and at the same
distance d away, and with its axis perpendicular to the meridian : the
magnet is now said to be in the * broadside-on position.” The

deflection 6 will be given by
tan 6" =

tan 6 =

ml
Hd?3
4 .~ tan @ = 2 tan 0.

If the angles are small we shall have
0 =.20.
Gauss * verified the law in this manuer with very great accuracy.

He used a more general formula for the action, carrying the
approximation a step further than in the investigation just

given.
Moment of a magnet. It will be observed that in the
above values for theintensity the strength of pole does not occur

 alone, but in the product, strength of pole X distance between
~ thepoles.
- When we may consider the poles as points, this product is o
~ termed the “moment of the magnet,” and we may denote it by M.

1 magnets we cannot consider that the poles are two S

jite distance apart, but we may still give a meaning e
nent. Whatever the nature of the magnets there o
ants of the opposite polarities. Let us treat
t were mass, and find the centre N of
1e end, and the centre 8 of South-seek-
: as we should find the centres of mass.

ed If the total

In

termed the axis of the
e centre of the magnet.
1 to the moment thus: Tt
nes of force are parallel
I,i.c.in a uniform
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field, and if the magnet is turned round so that its axis is perpen-
dicular to the lines of force, the couple acting on it is MH.,

Though we thus imagine two * centres of polarity,” it is to be
remembered that a distribution of ‘matter, or of electricity, or of
magnetism, cannot be replaced by a concentration at a single point
in calculating the field which is produced.

Comparison of moments. We may compare the moments
of two magnets of small dimehsions to a first approximation by
using the value for the field at a distance d from the centre along
the axis, '

2 ml 2M

D e

3 d3

For this purpose we may bring up the two magnets, one east and

the other west of a suspended needle, and placed so that they tend

to deflect the needle in opposite directions ; then adjusting them at
distances d; and d, so that the needle is not deflected £

M, . 2M, .
d % d,® "
or o Sy g
M, 4} 3

Or we may use each in succession to deflect the needle at the same

distance. ~ If the deflections be 6, and 6, respectively, the earth’s
horizontal intensity being H, :

2M : 4 “".
2M,

tﬂ.ﬂe’=m§

or %:E‘.m_al. <5 3
: M, tanf,, - e

Some consequences of the inverse squa
Application of Gauss’s theorem. Flux of -
experiments go to show that the mﬁensl
magnetic field in air or in a{ly other non
be regartled as due to each element of
to the law dm/»%, we may q;ﬁ)ply xau
magnetic system. If we define :
element of surface dS as NdS, w
intensity perpendicular to dS,
fAux of force through any closed
 other non-magnetic medium, is

the surface, ever if it encloses

i
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Tube of force. If a small closed curve is drawn at any place
in a field, and if a line of force is drawn through every point of it, the
lines so drawn will enclose a tubular space termed a tube of force.
Let us apply Gauss’s theorem to the closed
surface in air or other non-magnetised medium,
formed by a portion of a tube of force, and any
two cross-sections of it at right angles to the lines
of force. Thus, let S,,8,, Fig. 164, be the two
cross-sections, and let H,. H, be the intensities
F at S,, S,. The normal intensity over the curved
sides of the tube is everywhere zero. At S, it
is H, and at S, it is — H,, negative because H
is inwards. We have, therefore,

- H, x S, — H. x S, = 47 X magnetisation >

f within the tube= O ' F1a. 164.

: That is, the product H X S, or the flux of force,

E is constant throughout the tube so long as it does not contain
- magneti-ation. .

: Unit tubes. If we draw tubes so that for each, intensity X
. cross-section = 1, that is, so that there is unit flux of force along

it, each is termed a unit tube.

A pole mn sends out 4rm unit tubes, for if we draw a
sghere of radius r round m as centre the intensity on the surface of .
the sphere is m /72, and the total flux of force through the sphere .
is 477%m [r® = 47m. - There are, therefore, 47m tubes passing
through the surface.

If we imagine one line of force along each unit tube the
number of lines of force passing through any area will be equal
to the total flux of force through the area.

4 The number of unit tubes or of lines of force assing through
~ unit area perpendicular to them is equal to l}zross-section of

 unit tube or is equal to the intensity of the field.

~ Poten f we define the potential at any point in the

e in bringing a unit positive pole to the point

at that the field is negligible, we can show

e =l -

any direction « to
vork done is 2% d.
Al @ alls

ot '

ot
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%g Then the force on the unit pole, »n the direction _qf motion

or the component of the intensity in the direction  is
v
e

pe |
Level or equipotential surfaces can be diawn in magnetic as in
electric systems.



CHAPTER XVIII
SOME MAGNETIC FIELDS

Small mlgnets-Magnel ic shells—Uniform sphere.

The potential of a small magnet at any point in its
field. Let ACB represent a small magnet of length /, poles + m,
moment M = ml. Let P be a point at a distance r from its centre
C in a direction CP making 0 with CA. The potential at P is

m
V=37 8P

Draw MCN perpendicular to CP, and draw PAM, PNB, We
P
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If 6 = 0 the point P is in the axis of the magnet and V =

The intensity along the axis is 3

Vs ,zu :
dr =

If 0 = 90°, i.e. if P is in a Nne through C perpendicular to the
axis, the intensity at P parallel to the axis is

l dV Msinf M

Trdd- T P "3

- and is in the direction in which 6 increases. The component 5

along 7 vanishes, since cos 6 = 0.

These are the values which we obtained in the last chapter for
the end-on and broadside-on positions, the values on which Gauss
founded his proof of the inverse square law.

Vector resolution of a small magnet If M be re-
garded asa vector, drawn in the direction of the axis, the potential

Mgon.0 at a point P is the potentla.l of the resolute of M in the _

72
direction of 7, and if M be resolved like a force into any number of
components, ] \Il, M,, &c., making 6,, 6, &c., with 7, the potential
of the components will be

M, cos 6, + M, cos B, 4. . .
’.a!
M, cos 0, + M,cos 6, +. .. M cosf

2 2 " £
But f ) : 3

since the resolved part of M equals the sum of the resolved parts
of its components.

Hence the potential of M equals the sum of the potgntmls of its
vector components.

This result follows also from the consxderatlolr that-& magnet -r-

<
H

R ot AB (Fig. 166) may be replaced bg two mngne'ln, E mth- ,",;&-'
4 equal pc %es For the two magnets BC, CA have :
B poles at C, neutralising each othar,_ IC

mat A and —m atii 8 |

Vo The direction a.nd af

magnet with moment M; resolv_, _
M cos 6, and FG perpendlcu.la.t 1

The intensity due ta
ACP = fand CP’ =7, *.:_' =%
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. . M ,
The re%ultant 15 ;s-v:fc()sg 0 + sin® A.
The direction makes an angle ¢ with CP given by

: o
tan ¢ = 211%):9_6 =is tan 0. g

-m
g D¢

FIG. 166. Fra. 167.

‘The following construction gives the direction of the intensity.
Draw N, Fig. 163, perpendicular to CP, meeting the axis produced
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tan CPT = CP-23CP. 2 CP — 9 tan-6.

Either from an easy geometrical constyuction or from the trigo-

nometry of the two triangles CPM CPN it can be seen” that CM

= éCN. Hence the follog:ing somewhat simpler construction :

' AL o =4
LR e I T TN T LT

Draw PN perpendicular to CP; meeting the axis in N ; trisect CN
in M. Then MP is the direction of the intensity at P.

We may easily work out the force on one small magnet due, to
another, for particular cases. For these we refer the reader to J. J.
Thomson’s Elements of Electricity and Magnetism, chap. vi, as
we shall not need them in what follows,

Uniform magnetic shell. Imagine a very thin steel or
iron plate of uniform thickness bent into a surface of any form,
The plate will of course be bounded by a closed curve. Let the
plate be magnetised uniformly at each point and normal to the
surface. This is equivalent to the supposition that it is built up
of equal small magnets, placed side by side, the axis of each
perpendicular to the surface of the plate ; or it is equivalent to the
supposition that a layer of North magnetism of uniform density is
spread over one face of the plate and that a layer of South
magnetism of equal uniform density is spread over the other face.
This system is termed a uniform magnetic shell. If & is the
uniform surface density and ¢ the uniform thickness, of is the

- moment of the plate per unit area. =
The product of is tegmed the 3
“strength™ of the shell. We shall
denote this strength by ¢. i

Though we never meet with a
uniform magnetic shell in practice, -_
the conception is very useful, since
the magnetic field, for which we
can find a simple expression, is th

&

& hm‘.lk{‘.‘l mmnﬂfﬂ. 'i'&.l‘ e

1

F16. 169, same e Vel?‘j"helj&'-'@ﬂ %
a certain strength cireulating round the rim of the shell
Potential of a magneticshell. Let A S

a cylindrical element of the Shell “i} e
+ ao, and its moment is act = ap.

The potential at P of the eler -
3 a______a't

If duw is the solid angle

a on a plane perpen _
R e
£
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_l':‘l due to the element is ¢dw. Now sum up for all the elements of
Ir

k!

the shell and V=Z¢dw=¢Zdw= ¢w, where w is the solid angle
subtended at P by the rim of the shell.
: At an infinite distanct the angle subtended is zero and the
E‘ » potential is therefore zero.
1 If we bring a unit NSP from an infinite distance to the point
» on the pesitive side of the shell where the angle subtended is w,
then we do more work ggainst the hear side than is done for us by
the more remote side and the potential is + ¢w.

It we approach from an infinite distance to a point on the
negative side where —w is subtended the potential is evidently —¢w.
The potential depends only on the strength ¢ and the angle
subtended by the rim. Hence all shells of the same strength and
the same contour have the same external magnetic field.

Difference of potential of two neighbouring points,
one on each side of the shell. Let PQ, Iig. 170a, be two

i'_
:
i_
3
:
E

P 2

3 ~ Fi1g. 170a. : Fi1G. 170b.

~ nei uring points: P on the + side. Q on the —side. Let ussup-
- them so near that they subtend the same solid angle w at the
. In reckoning the potential, if P subtends w, Q must be con-
dered to subtend 4r —w. Fortakeayoint o, Fig. 1700, and draw a
« of unit radius with o as centre. Let a line from P, Fig. 170a,
ABCD of the shell and let a parallel line fom o,
out the curve abed on the sphere. The area abede
sd as the pole moves from an infinite distance on
ingle increases from zero to w and the potential

--,p}?le move from an infinite distance
ngle subtended increases from zero to

M e
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or the difference is the same at all pairs of points one on each side
of the shell. -
Potential of pole m due toashell. Since the potential
at any point of the unit pole is ¢w, the potential of pole m is ¢gmuw.
We have seen that pole m sends out 47m lines of force or unit tubes «
through the whole solid angle 47 surrounding it ; therefore through 2
solid angle w it sends out ¢mw, or its potential is ¢ x number of lines =
of force it sends through the closed curve forming the rim of the
shell. - Conversely the potential of the shell with respect to the
pole is ¢ X number of lines from the
pole passing through the shell. It is ~
easy to see that if lines of force which

enter the shell on the positive side are :

c reckoned positive, and if those which .

D enter on the negative side are reckoned !

B negative, the number will be the same, i
whatever the form of the shell, so long i3

A/F 5 as it has the same bounding curve. For i
Fi6. 171, let ABCDE and AFE (Fig. 171) repre- =

sent two forms of the shell. A line CB e

which passes through the first shell at C in one direction and at B i

in the other direction will not count in the sum : while a line DF
which passes only once through the first shell must pass through
the second shell also, and will count equally for each.

Potential of a shell in any field. If we regard the field
as made by a distribution of polarity, the potential of a shell will
be equal to ¢ x X lines sent through, summed up for every element
of polarity, or ¢ X N, where N is the total number of lines sent
through. : g

Force on a shell in any direction. Let a shell be
displaced parallel to itself throngh small distance éz in the given -
direction. Let the rate at which N, the total number of lines dl(&f
force through the shell, increases in the given direction be P
Then the number passing through in the displaced position is
N+ dd:—:&r and the potential has been increased by

A e ot S q
g | e L = - b

nt chha e

is therefore a force resrsti‘ngtﬁ

E,
i

force tends to deu‘easeN‘vay!i. R
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The shell, therefore, tends to move into the position in which
as many lines of force as possible pass through in the negative
direction. This can easily Ee remembered if it is considered that
it will tend to set with its aegative face towards a positive pole.
The resultant force on the shell evidently acts in the direction
in which a given motion produces the maximum decrease in N.
Representation of the force by elementary forces
each acting on an element -of the rim of the shell.
The value of N can alter only by lines moving in or out across the
boundary curve of the shell as it is displaced. Thisisseen at once
if we imagine the lines of force to be materialised into wires.
_ The number can only be altered by the rim cutting through the
g wires. We may expect then that the force on the whole shell can
be represented B}' forces acting at the rim where the cutting takes
place.
Let us suppose that the foree on an element &s of the boundary
_ in direction éz is —g¢n, where n is the number of hines cut by ds per
. unit displacement in the direction dx. Then the total force is

a2 Ui IN
—pZn = — ¢éd%” since Zn must be e<!ual to ‘(_I—r-:_ Then we may

b

N
4 - .

:_‘.(I

. regard the total force — ¢(-:zj as the resultant of forces such as

— ¢ non the elements of the boundary. The direction in which the

~ force on each element actsisthatin which a given motion will make
~n the greatest.

If H, Fig. 172, represents the field at an element &s, it isevident

that n is the greatest when éz is perpendicular to H and to ds. Then

=
e o H
ec = 1

F_.

Fi6. 172.

tant force ' on the clement is along the
oh ds and H. The nuwber of lines of
8s along F is H sin 6ds, where 9 is the

= ¢pH sin 0ds.

magnetic ficld of a current that
Jates counter-clockwise round
, which the positive layer

iy

considered as an
paper when

it

weright,  Theforce
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on ds tends to lessen the positive lines of force through the shell, that =
is, s tends to move upwards when H is as drawn. ~ If.we represent
current by C, field by H, then force is in the direction in which a
screw would move if its head were turned round from C to H, where
C and H both act towards or both form the point of incersection.
The rule may be remembered by noting the alphabetical order of
C'to H: X : '

Field due to auniformiy magnetised sphere. Let us
suppose that a sphere consists of small parallel bars or fibres of
equal cross-section a and with equal poles + Ia. Then it is said
to be uniformly magnetised with intensity I in the direction of the
fibres.

Let PQ, Fig. 173, represent the end of one of the fibres, and let the
radius OP make 6 with the direction of magnetisation. .

The polarity at PQ is Ia. The area of the end of the fibre on ,

the sphere 1s , and if the surface density on that area is o =

(9
cos 6
oca
cos 6

= la or o =1 cos B. N

8 We may therefore 1'epresenf the aciion of the magnetisation out-
side the sphere by a layer ; . s
g o = I cos 0, e~ _ &

which will be positive on one hemisphere throngh which 8 increases

Fia. 173

’ R
from 0%to 90°. and hegati'v
0 increases from 90° to 180°
We may obtain the pote
device due to Poisson.
Imagine a Sphm‘*g
of positive polarity ﬁ’f
volume. Let its cent
consisting of r
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but with its centre at O, a small distance from O, OO being in
the direction of magnetisation, Then the two spheres will neutralise
each other everywhere where they overlap. But onone hemisphere
there is left a positive layer unneutralised, and on the other a
negative fayer unneutralised. The total quantity thus left acting at
P on area dS, Flg 174, will be ﬁP‘J(IS = pl{Q cos Bds = p()()' cos 0dS.
If we make pOO’ = I, this quantity is adS, where o = I cos 6.

E: That is, the two suRerposed spneres give the actual distribution
3 whickrexists on a uniformly magnetised sphere. Now the potential of
a sphere at an external point is thesame asif it were collected at its
centre. Hence the potential of the two at an external point, distant »

in direction 8 with 00, is the same as that of a pole é watp at O,

and a pole — gwa’p at ', where a is the radius of the sphere, or is

the same as that of a short magnet length
00’ with moment

o
0 O: We can calculate the field within the
F1c. 175. sphere on the supposition that the two

surface layers act as if the space within
were air. The force due to a uniform sphere at a point within it
is due to the part of the sphere ine'uded within a concentric sphere
drawn through the point.  Hence at a point P, Fig. 175, it will be

' -gwp0%= ;-.rp()P along OP, due to the positive sphere, and F
g _ %rpf—,—‘-(% =f§~a’"l’0’ along PO/, due to the negative sphere. : ”
.', ~ The resultant of these two is by the triangle of forces equal to - 4 H
,;«-pﬂo’=%wl parallel to 00/, or the field within the sphere is 2
 everywhere uniform and in the direction parallel to ( 0, :-
wr & small magnet placed at a point in a non- -t

wlf small magnet, length /, pole strength m, and
nt M = mi, is placed in a field which is not
1 set in the direction of the line of force
he forces on the two poles will not be quite
= magnet will move in the direction of
the field radiating tfrom the NS
sy set in a line of force and
s }lﬂl_'e-ﬁéld‘than its NI’S.

. is, to the stronger

| a straight current

'-I -

T
. <

oy, SO



the intensity of which is 7—(.", where C is the current and r the

distance from the axis of the wire, the forces on the pole, though

:qual, will not be opposite. Let
0 Fig. 176, be the centre of the
wire, NS the small magnet. The

20'm
dorces on N and S are =

S N

=

tangentml to the circular line of
force through NS. We may take
the sides of the triangle ONS to
o represent the two forces and their
F1c. 176. resultant, each side being per-
pendlcular to the force whl(,h it

represents. Hence the resultant F is given bv

F: %" =NS:ON=l:n _
g |

“‘3 Then i 2(;3“

" and it is directed inwards towards O a.nd again ta\vards the . .3

stronger part of the field. |
We can obtain an expression for the force acl:mg in any field R3=.
by finding the potential energy of the magnet with respect to the =
ﬁeld Suppuse that the magnet is brought from a great distance,
where the field is zero, to its actual position, and let it move alwa {s
so that the South pole follows in the track of the Ngrth po '
The total work done in moving the South poleis eq(;lal op
to the work done in moving the North pole up to -iﬁ_l_q nt
occupied by the South pole, and the pot
therefore be the work done in monng"‘ﬂ;lj
extra distance equal to the length of
be the intensity of the field, then the pﬂtem,
= —m/H= — MH. | .-;“:‘.”’;.,.r@{“--
The force in any direction 2 will be =

: m 2

It is thercfore the grea

most rapidly, or the !

of the ficld. 8 AL
If the ma,.,net_

_ the mu.gne?: tends to i
of H or into the W"ea




_CHAPTER XIX
INDUCED MAGNETISATION

K Magnetio indaction—Induction and intensity in air—Lines and tubes
> of induction in air—Induction within a magnetised body—Hjy draulic
illustration—Equations expressing continuity of potential and continuity
of induction tubes—Representation of induced magnetisation by an
imaginary distribution of magnetic poles acting according to the inverse
square law—Magnetic susceptibility—Imagined investigation of B and
H within iron—Permeability and the molecular theory—Induction in a
sphere of uniform permeability x placed in a field in air nniform before its : 2
introduction—Long straight wire placed in a field in air uniform before
its introduction—Oircular iron wire in a circular field—Energy per
cubic centimetrein a magnetised body with constant permeability—The 2
energy supplied during a cycle when the permeability varies—Calculation %
of induced maguetization is only practicable when the permeability is b
constant—Diamagnetic bodies—Magnetic induction in a body when the
- surrounding medium has permeability differing from unity.

- Magnetic induction. We have seen that when a mag-
~ nefisable body, such as a piece of iron or steel, is introduced into
. amagnetic field it becomes a magnet by induction. We shall
~ investigate inthis chapter methods of representing this induced
1.,,. m isation. -«
~ The magnetic force on a pole placed at any point in the air
~ surrounding the magnetised body may be calculated as if it were

e direct action of polarity scattered over the surface
slume of the ﬂdy, cach element of the polarity
e pole with intensity inversely as the square

<

it it must be remembered that this is"a mere

‘

dopted for the purpose of calculation.
» must be regarded as existing at every
er a test pole is laced there to reveal it or
in the field is due to the altered —the
m immedialely round if.
lea of action through and by the
to electricity, introduced also
' iere term them, lines of
,and he showed that
' the intensity but also
e its magnitude. He
: to the

» o By .
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great discovery that when polarised light is passed through certain
media along the lines of magnetic induction, the plane of polarisation
is rotated, a discovery clearly proving that in these media the
altered condition is no mere hypothesis, byt a certain fact. He also
laid emphasis on the idea, which, however, was not a new one, that
the magnetic condition of a magnet is not merely a condition on

its surface or at its poles, but that there is something going on inside, _,,i
something symbolised by the passage of lines of induction through .
it. We are driven to this conclusion by observing that when we 4

break a magnet in two, new poles are developed on the broken
ends. The changein length of iron bars on magnetisation, a change

'M D

- . . Lo
proportional to the length, is perhaps further evidence of some &
action or some change of condition within the metal. -'!

It may appear to be a difficulty in the way of accepting the actiou
by and through the medium that the action of a magnet is
practically the same through or in most media surrounding it. It
is very nearly the same whether the magnet is surrounded by water
or by air, or whether it is placed in a vacaum. We must then g~
suppose that there is some medium even in a vacuum which is }
altered by the presence of the magnet, that there is something
which can transmit momenfum- and which can possess energy.
But this difficulty has to be faced in considering the phenomena of
radiation. Radiant energy passes at very nearly the same speed
through air and through the highest vacuum which we can ercate,
and it passes through the vacuum, as far as we vet know, without

) any loss of energy. There is something, then, in the vacuum which

: can take up and propagate radiant energy and its accompanying

R momentum, and nearly in the same way as if air wers present. :

2 When we speak of a field in air, we must not, then, imply that the

air is the seat of all the action, the storer of all the energy. 3

Doubtless it takes some share in the action, but the medium which

: pervades a so-called vacuum is no doubt present, and in all proba-
o bility takes its share in the action. >

Induction and intensity in air. When magnetisation

of iron_takes place by induction, we symbolise it by supposing that

Ty —""L i‘.;.'-:..l £

-

1";'.,.' . d

% - lines of induction pass through the iron, and we say that induction
LS goes on within it. We may think of the induction within as
e Xs implying a condition in the iron similar to that w hich exists in
";» the neighbouring air outside, but in general the actio { rade |
{_i Foix is, will be greater. The term induction i |
KT, denote tke alteration exisfipgg;_in _tﬁé'--gm.:

In the air, or in any non-magn
intensity H, the force on a unit pole
? both in magnitude and direc
hypothesis as to the nature of
that the inductions at two po
each other in magnitude and
intensities at P and Q, ang

-

< Mg = '5.
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that if the intensity at a point in the non-magnetic medium is H
and the induction at the same point is B, then B=H.

Since the induction und the intensity are thus made to coincide
in air, the only medium in which we directly measure H, the
employment of the two terms appears at first sicht needless.
But we shall see directly that we are led to assign to them
different values in magnetic media, and in permanent magnets and
in crystalline media they may “even have difterent directions.
They imply, too, even in air, different modes of viewing the action.
“Intensity " is the result of experiment. We suppose that we
place a unit test pole at the point considered and measure the
mechanical force upon it. It is the measure of the action of the
medium on something, as it were, outside itself, viz. the test pole.
It corresponds in fact to stressin ordinary elasticity. *Induction”
implies that there is an alteration in the medium and corresponds
to strain in elasticity. In elasticity we have

stress = modulus X strain,

and when we know the modulus we can determine the strain by
measuring the stress. The magnetic equation B = H implies
units so arranged that the magnetic quantity corresponding to
the modulus is unity in air.

We may here follow the analogy with elasticity one step
further. The energy per unit volume in a strained body 1is
proportional to stress X strain. In the magnetic field, then, we
might expect it to be proportional to the product HB, or, since we
make B = H, proportional to H2. We shall see later in the chapter
that there is some reason to suppose that it is H? /8.

Lines and tubes of induction in air. Lines and tubes
~ of force in air may now be described as lines and tubes of
~induction, and along a given tube

o Tinduetion % cross-section = constant.
e :

. total flux of induction through any closed surface, the
entire y in air, will be zero whether it encloses
fer or not. For if it does enclose it the two

| .;Jp_PoSite, and the total polarity within the

a magnetised body. Let us suppose

t permanent magnetism is piaced in a
duction was uniform,i.e. wassuch
straight and parallel. We take
tain supposition, as we shall see
of force within the sphere can

» gain from the sphere will
s of induction in the
iron as indicated in

Bile & S04 .
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232 MAGNETISM = s e
Fig. 177, the lines being drawn in towards the sphere. The figure

represents those on a diametrical plane parallel to the original
direction of the field. The total polarity over one hemisphere is
equal and opposite to the total polarity-over the other heniisphere,

™

et DY Yo'y by

dih
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so that as many lines of induction converge on to one hemisphere =
as diverge from the other. S T S , _

Now imagine that the sphere is cut through in a plane perpen-
dicular to the central line of induction and that the two halves are

drawn a very small dista

of induetion crossing
tubes will cross the ga
hemisphere and leave tl

surface entirely 1 c
the total flux t
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he HUX over the

" flux across the gap must be equal and opposite to t
~ curved hemispherical surface.

All this may be regarded as experimental. We now make the
fundamental supposition that the lines and tubes of induction are
continued through the iron, that the tubes crossing the air gap are
the continuations of those in the air outside, and that along each
tube, induction X cross-section is constant, and has the same value

R ' - F1a. 179.

.

- as the same product for the same tube outside the iron. We shall
~ see later that on a certain supposition the tubes will go straight
~ through the iron, or that the induction within it is uniform. .

~ We maynow close up the gap, having only used it to emphasise
~ the idea that the induction runs through the iron, and we have the
- lines of induction asin Fig. 179, and along any tube induction X cross-
= ‘;wﬂn=mﬁhtmhether it is in iron orair. Let us now, Iig. 180,
Pl i _

5
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234 MAGNETIS g L e _
\ draw two level surfaces, or surfaces cutting the lines of induction at

right angles, one through Pclose to the point at which the central line
enters the iron, and the other through Q close to the point at which
it leaves the iron. It is evident that tlese surfaces must bend, the
one downwards, the other upwards, as indicated in the ficure, coming
nearer together far out at RS, where the field is practically un-
affected by the iron, than they are at PQ, close to the iron. Now,
we have no way of experimentally measuring the intensity H
within the iron. But we make the supposition that it is such that ‘=
in passing from one level surface to another, intensity x path is
constant for all paths whether in air or iron: or, if H isnot uniform, ;
then if ds is an element of path, [/Hds is the same for all paths 1
from one level surfice to another. - Since, then, the level surfaces are :
further apart at PQ than they are in distant parts of the field, H |
is less within the iron than in those distant parts, ze. less than it
was before the iron was introduced. But just outside the sphere at
P or Q the tubes of force or induction have narrowed. in converging
on to the iron, and so H is greater there than it was before the iron
was introduced. Then H in air at P is greater than H in iron
close to P. Bul B in air atﬁP is equal to B in iron close to P, and
since B in air is equal to H in air, B in iron close to P is greater
than H in iron at the same point.
Let us put in the iron

b 1

" *
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G w 1s termed the permeability of the iron. _ _
_ B If we put H = ‘—i B and compare with the elasticityrelation

s stress = modulus X strain

A we see that 1/u corresponds to the modulus of elasticity. It

SR represents as it were the difficulty, while u represents !;he,‘eﬂs&,_-‘:hf e
mt magnetisation. ' SR ittt LY

' To sum up. We have in air B = H, whag,@g;bg experi-
mentally determined, and therefore B can be determined. In iron
we can suppose that B is determinate from the co of t
induction flux along a tube as it passes from :
can also suppose that H is determinate fron
potential difference as we pass from one
whether through air or fﬁrougﬁﬁ‘p"lig‘;i
must be greater than H, and t "
bility of the iron.

We have considered only 1

"is produced by induction,
permanent magnetism in
we can no longer assume that
the same through air as | ro
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Hydraulic illustration. A hydraulic illustration may
help us to realise the meaning of magnetic permeability. ;

Imagine that ABCD, Fig. 181, is the cross-section of a slab of
spongy or porous material indefinitely extended to right and left.and
that a liqlid which entirely fills the pores is being forced through
it by a pressure across AB in excess of that across CD. Then the
liquid will flow with a velocity from AB to CD such that the viscous
 resistance balances the difference ofepressure.  On the average the
flow will be straight across from AB to CD and the pressure will fall
uniformly from one face to the other. This corresponds to a uniform
magnetic field. The pressure corresponds to the potential, and its
slope, or fall per centimetre, to the intensity. The velocity will be

A B

&

C 2 D
F1c. 181,

-

proportiona.l to the pressure-slope and will correspond to induction.
Evidently. if we draw a tube of flow, velocity X cross-section, or
total flow, will be the same throughout its length.

Now imagine a portion of the slab—represented as spherical
~in the figure—made more porous, and therefore less resisting, than
~  the rest. Evidently the liquid will flow more rapidly through

~ this portion. The lines of flow will converge on to the end nearer
- AB, and diverge from that nearer CD. The surfaces of equal
?sure will be deformed just as are the magnetic level surfaces in
~ Fig.180. The total flow along a tube will be the same whether it is
~ within or without the larger-pored space occupied by the sphere,
~ and the pressure-slope will be less within than without that space.
~ We could replace the sphere with its larger pores by one having
hose outside it, if we supposed that where the tubes

sphere, there are *sinks™ or pointsat which fluid

n the system, the amount removed being

z up over that which the given pressure-
sphere on the supposition of pores equal
] Jﬂ;esurface of the other hemisphere,
st suppose that there are “ sources™
ow introduced into the system to
er the flow through the sphere.
8 iﬂ‘ﬁdh,a;heﬂle “sinks™ 1'(:111':,-\:(;i
ds to the representation of
ribu mthe surface and
ire of that representation.
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may point out what would correspond to a permanent magnet in
the fluid illustration. - : 2

A steel magnet in air would correspond to a larger pored
region, and in the pores we should have to imagine small turbines
fixed, driving the liquid in a given direction. The turbines wonld
represent the magnetic molecules, and each turbine would have to
produce a flow proportional to the strength of the molecular pole.
As much fluid would be drawim~in at one end of the region as was
driven out at the other, and the fluid would circulate back through
the surrounding space, the lines of flow representing the lines of
force.

Equations expressing continuity of potential and °
continuity of induction tubes. We may conveniently term
the condition that the difference of potential between two points is
the same, whether we pass from one to the other through air or
through iron, the condition of continuity of potential, for it implies
that the potential is the same at two points quite close together,
one in air, the other in iron, and we may put the condition into the
following form : - : _

Let PQ be two neighbouring points on the surface of the iron.
Let H, be the intensity in tne.air close to PQ and let its direction
make 6, with the normal to the surface at PQ. Then H, sin 6,
is the component of the intensity parallel to the surface in the air.
Let H, be the intensity in the iron close to PQ and let its

. direction make 6@, with the normal.

o i Then H, sin @, is the component of the
F\’intensitypamllel to the surface in the
iron iron. In order that the difference of

Fig. 152 potential between Pand Q shall be the
same in air and in iron, these com-

ponents must be the same in direction and equal in magnitude.
The first condition implies that H, and H, are in one plane with
T TR S TR A S

the normal, while the second requires that -

 Hysin6; = Hysinf,,

We may conveniently term the conditi_._' tha th
across a)tube is constant, the gondiﬁdr’;%f,bﬁ’
tubes, and we may put it in the followi
Let Fig. 183 represent the section o
ing the iron at PQ by the plane
lie of induction in the air thro
induction in the iron also
induction and intensity in
0, 6, be the angles whi
with the normal in the
sections of the tube ;

‘l._ .._l
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; nmt\ of mductmn gives BI.QR B,. here B1 is the
induction in air, B, that in iron ;

_:.I‘-

or B, - P_Q cos B, = B,. PQcos 6

-

whence B, cos B; = B, cos 6,.

Sy s

"Thus while the components of inteasity parallel to the surface are

M

N
rm.' 183.

s 6 ti;e components of induction perpendicular to the surface
m ua

If instead of air and iron we have any two media with
Mmhlljﬁ?m‘nnd 4y, intensities H; H,, and inductions B, B,,

f -I‘."‘h—

R it 15,  H,sin6, = H,sin 6,
' s .I&msﬂl—B cosﬂ,.
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When we compar: the foregoing investigations with the
corresponding invesugations in electricity we see that magnetic
mtensity cerresponds to electric intensity, and magnetic induction
corresponds to electric strain:  The magnetic equation

i)
B = uH 2
corresponds to the electric equation
= oK S
D=

so that u corresponds to K /4.

The introduction of 47 in one of these is very unfortunate, for
it destroys the exact correspondence of formulz in the two cases.
It arises from the fact that the units are so chosen that unit quantity
of electricity sends out one tube of strain, while unit quantity
of magnetism sends out 47 tubes of induction. Heaviside* has
introduced a system of * rational units™ in which unit magnetic
pole, like unit quantity of electricity, sends out one tube. But the
difficulty in the way of change in the practical units has not yet
been faced. ' :

< Representation of ‘induced magnetism by an
£ imaginary distribution of magnetic poles acting ac- |
& N cording to the inverse square law. We have seen that 4
- the intensity changes when we pass from air into iron, or more
generally when we pass across a surface at which the permeability :
38 changes.  For purposes of calculation we can imagine the change 3
(PRt of field to be produced by a layer of magnetism, a layer of poles
Pt distribated over any surface where u changes from one con-
- RS stant value to another, or distributed
gy through the volume if the change in 3

= N - is gradual. These poles are supposed
A | to act according to the inverse square G,
Y law and as if the whole space were of
i = R ’ unit permeabili‘l:y. : =g 21 e
: Q P Let us consider a change of per-

meability at a surface
from 1 to u,andlet t

-y
=

:

Fr. 184,
imagined magnetic poles.
magnetism would, in comb
the observed intensities if it a
apply Gauss’s theorem to the su
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S - “that if N is the component of t e?ntens:ty normal to the
~ surface,

SNdS = 47 X quantity within.

For the surface chosea N has value H, over PR and H, over
QS, and is zero on the sides. If 6, 6, are the angles with the
normal made by H; H,, the cross- b&CthllS at PR and QS are q cos 6,
and a cos 6, so that we get

H, a cds 8, — H, a cos 6§, = 47oa

H, cos 8, — H, cos 6,
47 N

and o =

We may express o in terms of either H, or H,, since H, cos 6,
= B, cos8; = Bycos0, = uH, cos 0, whcm.e

: n—1
k : o = -'}-m; H, cos 6,

‘ 4-'1' 80 P
L v .
It is easily seen that if u is constant within the surface the total 2
magnetism on one end of a tube where it enters the suriace is _
E equal and opposite to that on the other end where it leaves. For ;%
- ¢.PQ =gQS/cos 0, = 4#1 H,.QS, which i is constant along the A
_ tube within the body. , %
Magnetic Busceptlbllity In another way of viewing the Ross
: tisation of iron in air, the distribution . %
- larity imagined as above is regarded
§3 ;:-u l;n: rface manifestation of the internal g - vl
,gnagnehmthn of the iron, and we may then =
consider the* face layer o as describing a M
' ysical ition of the iron beneath it. 4
RS, 185, mpmsent a tube of in-
n gE iron at PQ, and leaving ;

e that . is constant
.mague{nsm need be
_ n.nd RS, We g Q
supposm F16. 185,

¢ “magnetise
a ﬂﬁ. If we conld cut through
tion MN, perpendicular to g
Md be developed at the
y to the polarity at either _
on MN is I, MN x I'is
af i’éi"‘i If MN is close

"_' ‘ " ’ L <
=¢-‘* vl e
}f"&' .‘.H‘: e
Sy ',__.f.--
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to PQ, then if 6, is the an‘trfe whu,h the ax1; of 'the tube makes
with the normal to PQ, :

MN = PQ cos 0,
and  PQ x ¢ = MN x I = PQ x Tcosh,

or o = Lcosif,}
I is termed the intensity of magnetisation. IL must not be
confused with H, the field intensity, or the force per unit pole.
Since I x MN is constant along the tube and since B x M\ -
uH x MN is also constant, I is proportional tOpH or to H since
we are taking u as constant.

Let us put I = «H: 3
« is termed the magnetic susceptibility of the iron, or, sometlmes,
the coeflicient of magnetisation.

Let us take MN close to PQ- -

We have o =1Icod 6, = xH cos 6,.
: ! a—1 ; o e B B
But also o==—Heosfp T P 4
BN | LS A i
rl‘l]en “Iiw = x : . . ) - — -';' ' - o 9 .:

s - . - =
< -y o o o N

and . 3 p=1+ :lsmc.

Imagined experimantal mvestigaﬁon
within iron. Lord Kelvin imagined a method of
the values of B and H within iron which, though
unrealisable, is a valuable aid to undemtn.u_ |
tween the two quantities, induction and inter
suppose that a long and exceedingly ne

ﬁne of induction in the iron.

"' . dmturb the magnetisation in the

the ends, and at a distance f

tunnel will be the same

~ the iron before the tunnel

~ consequence of the cnnﬂtt@

- not wish to assume l'.htll: '_:__«

~ tion of H within thq.; '
_can 1ma;trme H |

of a mi
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& it is placed from the distribution of poles throughout the system,
~ these poles acting according to the inverse law.

Now suppose that instead of making the tunnel we make a cut
through the iron perpendizular to the lines of force and remove a
very thin wafer-shaped portion of the iron. The lines of induction
oo straight across the crevasse thus formed and the tubes of induc-
tion have the same cross-section in the crevasse asin the iron on
either side. But in the ivon-free spdce in the crevasse the induction
is equal to the intensity. The intensity will be that previously
existing + that due to the new surface layers formed on the two
faces of the crevasse, say + I, and these will produce intensity 47l
Hence within the cavity the intensity is

R
s

where H is the intensity before the crevasse was made, or putting
I = «H., the intensity in the crevasse which is equal to the induc-
tion in the iron before the crevasse was made is

B=H 4 4mcH.
S B =l
we get g =14 4rx.

The quantities B and H are to be regarded as the two funda-
mental quantities. The quantity I, which is equal to (B — H) /4,
is a convenient quantity to introduce in that it enables us toexpress
simply the polarity which we may suppose to be distributed over

\ sstem where u changes in order to calculate the intensity of -
~ the field, using the inverse square Jaw. This supposed polarity is -
. somewhat artificial if we accept the principle of continuity of flux e
~ of induction. In electricity the tubes actually end on conductors (28
~ and the charges at their ends may be regarged as having a real
L ~ But in magnetism the tubes of induction never end. s

y come from an infinite distance and go off’ to anpther Bt
ey are re-entrant and form closed rings. The + 8
ypose to exist where a tube passes from one
| different p is merely a device introduced
effect of change of medium.

s molecular theory. We cangive
rmeability of iron as compared with
!'Qll,owmg way, in which we only

' 3 11CE

and consider one of its lines
duce just outside this line
""h: lines run in the
for simplicity that
t it just neutralises.
L - g

| Ayl L3

hr.
A= i L 2 »

i
) 2
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at P and the line from N will run through the small magnet some-
what as drawn in Fig. 188, or the line has been pulled out of the
air into the iron of xs. o

If a piece of previously unmagnetised iron is put into the
position of Ns its molecular marrnets first tend to set along the lines

- P

F1c. 188,

of force of NS, and then each molecular magnet so setting has an
action like that of Ns as above considered. It draws out of the

~

’ ..‘i-. ¥

: Fiq. 187.

field round it lines of force due to NS, ooncentratmg them on itself.

Regarding induction rather than force, we may say that each
molecular. maguet setting along the lines m the ﬁehi‘ dtaws into

% : : :‘ i 1
. e T - ,1"..?“"
] S S WL e e T
L, B T o 35
o - o o R PR =
i i % A
o YRR -
Ttk R
T el B s 6 T P
T i Ny ﬁ’)’
. < 43 =~
N L
. : A 43; 3%
=22 ok
ol

-

itself some of the md ue to
with its own mducl:mn. s .J; :
- We shall now coﬁs:dez*m
- Induction in a sph
placed in a field in,agx
Let the uniform ﬁeld int
us assume tha.tx he s

the field of the other at P. Then the lines will destmy each other~ ,



'ﬁs: L
INDOCED AEAON’ 243
mnd that its field is superposed on H.  We have -hm\u (p. 226

- that a sphere radius @, uniformly magnetised with intensity ot
magnetisation I, has a field without it the same as that of a small

f.n
-

magnet with moment ; ra®l placed at its centre, and with axis
in the direction of I, and that it has a field within the sphere
uniform and equal to — ;-.rrl. We are to find the value of I

which will satisfy the conditions of continuity of potential and

L )
.\b

~  Fio. 182,

Aflux of lnd:mhnn. The supposition to which we have already

i referred( %ﬁis that this gives the actual magnetisation. Sk
pmnt P at the en(l of a radius OP makm 9 with >
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- The component parallel to the surface is
H sin 6 — ?—;wI sin 6.

Thus the condition for continuity of pot'ential is satisfied.
The normal intensity just outside the surface is

H cos 6 +§1rlco::.9

and as the medium is air this is equal to the normal induction.
The normal intensity just inside the surface is

H. %0 —§ 1 cos'D

and since the permeability is u the normal induction is
p,(I-‘I cos 6 — %—;rl cos 9)-‘ e

Equating the normal i nducﬁon without and within, the condition

of continuity of flux of induction is satisfied by :

; 8 - AL S -

Ho+ 5l = u(H=gal) : |
: i, 1B el . Mg, 3% 4 RS-
% - whence | = %S F 2H. WA s _  \
The intensity of field within thej §Phel;e; is “F = 1'5;1 £ o1 —w
B R s

~ RO

If u is large, as it ma.:y befor”imE)v vhe
this approaches the value N S RN

~

while I approaches the vai‘ne ' ‘ '
or approaches t_h
normal mtensit)lﬁ
the value
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@ is very near S0°. That is, the lines of force enter the sphere
. very nearly normally when u is large except near the equatorial
plane.
If we use x instead of w e obtain
-
= —-—5-&—— 1.
3 + 4wk

-

Long straight wite placed in a field in air uniform
before its introduction. Experiment shows that with a long
straight wire placed in a uniform field the polarityis developed chie ﬂy
near the ends.* Let us suppose that the induced poles are + m,
that the radius of the wireisr, and that its lengthisZ. Let usasan
admittedly rough approximation suppose that + m are at the ends.
If the orwmal ﬁeI(F is H, the hLield at the centre within the wire is

H — an/(f—)) = H — 8m /2.

If the magnetic susceptlbﬁxty is & the intensity of magneti-
sation is

: BSimn
: = «(H - 7)

. and the total larity on a section imagined to be made through
- the centre will be X

: "'4-- : . ﬂ"'zx(H e S'T;n:_).

The assnmptlgn that the poles are at the ends gives

¥ m = -m"_ (H — %-;f/
: "‘ 1 + 87!":7'2 -I A

:‘ “ ﬂuay put the denominator = 1.
' 'nf the ends in calculating the

&3 Ifa solenoid be
d witﬁin it, ata




.......

distance 7 from the axis through the centre of the cirele,is given by'-i
2erH = 47nC

where n is the number of turns of the solenoid and C is the current

in it. _
'l‘llell - ,[”I — '-2—'-——‘(-
J r

-

If a wire of permeability x and of uniform cross-section forms
a closed ring of mean radius » within the solenoid, the iron is
magnetised ; but there are no poles formed, for the tubes of
induction go round through the iron and do not pass into or out
of it anywhere. The intensity in the iron must be the same as
that. in the air close to it and is therefore given by the above
equation. The induction and the intensity of magnetisation are

B "“;‘C
I & el et
Qxr

Energy per cubic centimetre in a magnetised body
with constant permeability. We may use the last case to
obtain an expression for the distribution of energy in a magnetised
body when the permeability is constant as, for instance, in iron in
the first stage of magnetisation represented by O A Fig. 150.

We shall suppose that a thin iron circular ring forms the core
of a circular solenoid as above and that the field intensity within-
the solenoid, due to the current in the solenoid,is H. Let a be the

' - cross-section of the iron. Let B=uH
be the induction init. Then the total
flux of induction through the iron is
aB. Nowimaginea cut made through
the iron and a gap formed as in Figh s
190, If H due to the-solenoid is in
the dlrentmnni‘jzﬁ' ' v, poles

2

at the gap will k

S

BN

Frg. 190.

It is to be no gd

iron does notx-_:'iﬁ&.
3 Tatte

-
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be 47<H. But 7 is only imagined in order to account for the ex- |
. cess of intensity f field in the air over and above that which was
existing before the iron was introduced. We must, therefore, add
H, and the total intensity jn the gap is 47«H + H = uH = B as
~ above. Ia calculating the energy in the iron, we have to deal with
" the total induction, not the excess over that previously in the air
displaced. :
We observe that H is due to aw external force applied to the |
iron. In elastic stress and strain an external stress strains a body G
until an internal stress is brought into play equilibrating the
external stress. Work is done against this internal stress in
increasing the strain, and energy is put iuto the body proportional
to internal stress and increase in strain. So in the magnetisation of el
the iron, induction—* magnetic strain "—is produced by the ex-
ternal magnetising stress H until an equal internal stress is called
into play by the iron, and the energy put into the iron is the work |
done against this internal stress, equal and opposite to H at each i
step, as H increases from zero to its final value. '
Let the induction be inceeased by dB, by a small increase of

R

current in the solenoid. We may represent the process of increase ;J'

- by imagining that North-seeking magietism adB /47 is separated : |
- from an equ;.n.l' quantity of South-secking on the South side of the - 1
" gap and that it is carried round through the iron against the s i
intensity H exerted by the iron, this intensity being equal and SR

~ opposite to the external intensity due to the coil. e YA
~If the length of the iron is Z the work spent in the increase is sl 1

,:T g% S P IH adB [47

.
I

A :tnd the total work spe’_ht in magnetising the iron will be
SHCEE e H
AR -_j'i I" _ HdB :

-

‘ﬁﬁf’ﬂl gy sup liedJ er cubic
R

.
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It is to be noted that the energy supplied only gives us the

energy stored, when the process of magnetisation is “reversible,”
so that a given field produces a given induction, as it does when
p is constant.  When the nmiagnetisaticn may be the same for quite
different fields the energy spent is different for different paths
from one condition to another, and our investigation does not
lead to a value for the energy stored in the iron. But we may
fisd an expression for the energy
supplied in any change.

n A The energy supplied during
a cycle when the permeability

S5 Q ‘'varies. If u varies we can represent

BA = /p the energy supplied by an area on the

diagram, Fig. 191, which gives the
relation between H and B. Let the
curve OPQA represent the relation
between B and H when H is increased
: from zero to ON in a' piece of iron

0 L N previowsly unmagnetised.
Fic. 191. Let PQ represent a small step in
“ the process; then if we deal with
1 c.c,, the work done in the step PQ is HdB/4r= PR x RS /47

= ;_; X area of strip PS.  The total work done as H ¢hanges from 0

to ON is %ﬂ_ X the sum of such strips, 01'% X area of OPAMO.

If when H has reached the value ON it is diminished again, we
know that B does not fall off as would be represented by the curve
AQPO, but somewhat as represented by the curve ATCD in Fig. 192,

M _ A

O =
o

When H is reduced to zero,

and it is necessary to revers

before the induction is destro
: B

......

-
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‘H to ON and then reducing it to zero is :—7_- (OPAMO —CTAMC) |
E. = -;l;r UI:ATCO. The wark dbne in increasing lhe negative value w
:,' of H to OD is Il:_ OCDO, or the total work done is :11_'_ OPACDO. ll
l

Ifwe take the iron through several hundred cycles of H between
values + ON and — OIN, then in the later cycles its cycle of :
magnetisation is represented very nearly by a closed loop as n '
Fig. 193, the hysteresis loop. In each cycle the work done on the

i i
, 8 i
A
f
I ‘i]
:
y |
. i
3 : / 1
. N 8. |
- N H f
[ r 4 ™1 |
E.'
Frio. 193.

';7 x iron piece ig_lrl!‘presented by ‘:ﬂ;x area of loop, and in each cycle the
 energy represented by this work is dissipated and appears as heat

.~ We shall return to this subject in Chapter XXIL
n of induced magnetisation is_ only
en the permeabilityis constant. When p is
lenlate the magnetisation induced in a given
‘which we have given easy examples in the
‘But when p varies, as it does with ferro-
as H rises above a small value, hysteresis PG . -
uations B = 'pl'iand I = kH-may cease A ST
ple, suppose that, as in Fig. 192, H is B2 Ty
El?ﬁﬂn’l;gguud again to gero, B and
of B being represented by OC, and
H at this stage. -
instead of concentrating
out—that is, if, taking

: a hydraulic system in

=

R L e
Ak e
% '."i—_.'— ""l e
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which the pores were smaller and more resisting than in the
surrounding medium—then a sphere placed in a previously uniform
field would produce a distribution of lines of force like that given
in Fig. 194, ‘

Let us assume as before that the lines of force are paraliel within
the sphere. In order that the level surfaces may cut the lines of
force at right angles, they must be nearer together within the
surface than they are at a distafice outside, The intensity within
the body. is therefore greater than it was before the body was

(L

1\
—
FIG. 194, _ "
imtroduced, while the flux of induction, which we su”p'ose to be 2
continuous, is less. If then we take B = yH, . must b

e ]ES than ..,’.
1. It we represent the alteration of field by induced polarity o e
scattered over the surface, as on p, 239, R 20 i

- T
)

o =0,

and, as 4 <1, o becomes negative, or the polarity is reversed

and the forces are reversed. This is just what we observe with
diamagnetic bodies. A small diamagnetic body is repelled frc
the pole of a magnet. e o

Hence we interpret the distineti

and diamagnetic bodies by saying that for t
than 1, svhile for the latter it is less

magnetic susceptibility ‘..'_;;-'-= ﬁi}.

negative for the latter. If we e

u—1 and « are always ver

practically constant, and t
Magnetic inductio
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:supposed that air is the medium
agnetisation is induced, and that
shall consider the case in which

" foregoing investigations we have
surrounding thé body in which m
for air w = 1 and x = 0. Now we
the medinin has permeabilisy differing from 1. Let us suppose that
it has permeability u;, and that the body which it surrounds has
permeability us, and let us find the value of the surface density of
magnetism or polarity which we should have to suppose spread
over the surface of the body tofccount for the change of field
when the permeability is every where reduced to the same value u,
as it has in the medium. This corresponds to the investigations
on p. 238, where the imagined surface layer acts as if it were in air
on all sides.

We shall first show that the intensity due to a pole m at
distance r in a medium of permeability u, is no longer m [r*, but
m[ur®. Suppose two poles each m. i.e. each a source of the same

total induction, to be placed one in air and the other in the u,

medium. At a distance r from the first the induction is

Baxm/r*= H.

At a distance » from the second the induction is also
B=m/r
x But if Hl‘is: the intensity in the second medium
B .' - : B = u,H,
5 o Hy = fup®

 Thenifwe apﬁy Gauss’s theorem in a system where the permeability
regard the field as due to poles acting according

]_'NdS = 47 [y

uﬁi within the surface S.
_body of permeabilily pu, is placed in a
ounded by a medium of d}ermeabil’ity e
nciples of continuity of flux of induction
so that if H, H, are the intensities
he surface, and if they make 6, and 6;

), and H, sin 6,= H, sin B,
: :ﬁb'ebqf_ induction passing

surface at AB, and let
ibe, Apply Gauss's
ecti find the

Aol
j{::‘1 '

e

'-(,

ot
t\

;! N B
. '__f-,k-_:',!_
‘a

L Sl
ey
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everywhere y,. The normal intensity N only has value over AC

where it is H, and over BD where it is — H,, and the theorem

gives : N
H,.AC —H,.BD = 47 [uy P

or, since AC = AB cos #, and BD = AB cos 0, and AB =1,

o= 4#7; (H, cos 0, — Hycos 6,).

% . )
R e : ;2 F10.7795; _ St o
4 Bu lel cos 9l — #zHa cos ez' and heuce
o fay(12q #I)H
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FORCES ON MAGNETISED BODIES. STRESSES
IN THE MEDIUM

The forces on abady of constant permeability 4 placed in a magnetic field
in air—Illustrations—The forces on a body of permeability ko placed in
a field in a medium of permeability u,—Forces on an elongated bar in a
uniform field in air when its permeability differs very slightly from 1—

The magnetic moment of a small paramagnetic or diamagnetic body
of a small needle with

e ey b W s

placed in a magnetic field—Time of vibration
p -1 very small suspended in the centre of the field between the poles of
a magnet—Stresses in the me@ium which will account for the forces
on magnetic bodies—The stresses on an element of surface separating

media of permeabilities x4 and s. )

. The forces on a body of constant permeability u

- placed in a magnetic field in air. We can obtain useful
~ expressions for the forces on a body in a magnetic field when the “ 9§ |
& permeability is constant, that is, for a body which is paramagnetic |
- or diamagnetic with permeability very near to unity. | i
v We have seen (p. 239) that the field outside the body is altered '
L

.‘
:
CHAPTER XX !
|
|
s
)

e by the introduction of the body just as it would be altered by the

- introduction of a layer of magnetism occupying the position of the |

~ surface of the body and of density
s gt p—1 SES
B, | — _.._1m6,=——H,cosG,=::HzcosB, S
7 i = .,

ceording to the law m /7% ;
-Qriodies prq_ducinﬁ the field can be
he magnetised body by this layer, and,

o small that it may :
etism of uniform -

L) 4 0y L

e #ee AL I
F'I_. n_‘r.,_.'.. oin
= : i
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Let P be a point in air and Q a point in the body each very close = %
to AB and so near together that PQ is very small compared with the =
diameter of AB. We may divide the intensity of the field at P
mto two parts, the one H due to the rest of the system-when AB
is excluded, the other due to the layer on AB. The latter will be
o along the normal upwards in the figure if o is positive. The
intensity at Q may similarly be divided into two parts, the one due
to the rest of the system when AB is excluded, and this will also be
H, of the same value and in the same direction as at P. since PQ
is very small compared with the distance of either from the nearest
parts of the system to which H is due. The other will be 27 =
along the normal downwards if & is positive, E

Let us draw OH, Fig. 197, from a point O in AB to represent H, E
HC parallel to the normal to AB to represent 27o upwards, and
HD parallel to the normal to represent 270 downwards. Then
OC will represent H, at P and OD will represent H, at Q. v

The force on AB is due neither to H, nor to H,, but to H, since %
AB as-a whole exerts no force on itself. The force per unit area __
of AB, then, is Ho in magnitude and direction. We may regard =
OH in Fig. 197 as the resultant of OD and DH, i.e. of H, and 2. 3

- ~ S

L+
»

Then we have two forces per unit m _"_::-

along the normal os,ltwm_:d_s, i R
Putting ¢ = xH,cos 6, (p. 25 :.

outwards -uay be written — e

L

_ where H, makes 6, WIﬂl
- The system of fo
and parallel to Hy may
of a system of forves act

’-,wa; . . D
RS Y s
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ounded by lines of induction through the
198. We may describe the body as mag-
jon given at any point
of field at the point.

=" Draw a narrow
body from AB to CD, Fig
netised throughoutwith intensity of magnetisat
- by I = <H, where H is the actual intensity
If @ 1s the cross-section at any point
of the tube, Ia is constant and 1s equal
to the total surface polari ty at AB or
CD. . Let us then cut the tube iato
short lengths and on each section sup-
pose poles Ie. These peles may be
supposed to be acted on with in-
tensity H, the actual intensity at the
cross-section. - Thus at each section
we have a pair of forces in equilibrium,
and the whole system of pairs may be -
superposed on the system’ consisting
of the two end forces on AB and CD.
3 But now we have a series of short
magnets each placed in a magnetic
field of intensity H,, the actually existing field where each is
Gtuated. If Zis the length of one of shese and a its cross-section,
its moment is Ial = cHal = kH X volume.
But the force on a small magnet in any directio

field H is (p. 228, Chapter XVIII) =

L mﬂm@txdr _‘Hd.r

Figc. 198,

na placed in a

% volume,

s A A iy :
o oris : AT unit volume.
‘may therefore replace the surface system Ho by a volume
' " "’nn_ii-;iplnine in any direction .

it the volume system, if we choose, as

bﬂdy ;

;! il .
-, A -

[ AT ek ey
- ] o

1‘_ i F ; o} o~
-onstant. For this pressure will give
’I‘fﬂt. : .

; 1 »od in air may be caleulated
o

-
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system represented by 27«2H,?cos? 6, is negligible, since it 15 RS

proportional to k2. Any field into which the body is introduced

is sensibly the same after the introduction, so that in the caleulation =
2

of the volume force the value of{{‘—;£ ma&y be taken as being the same

as before its introduction. We shall see how this is used in m king
measurements of x in Chapter XXII.

Illustrations. As an illustration of the foregoing let us

. . i vy eqe

suppose that a long bar of material with very small susceptibility

« 1s hanging with its lower end in the horizontal field H between

the poles of a maguet, Fig. 199. Let the upper end O be so far

0
o
i
i
5
|
= -
v ) Sl s |
. Fic. 199. ' ¥y
L. away that the intensity of the field there may be neglected in
3 comparison with H. ; | _ 3
! Let us measure # downwards from O. Let a be the cross- '
section of the bar,  its length. The force pulling the bar
down is P L Vs
= . : £ ) -H i _.‘.-
;x -—gg—aadm=' Qkﬁﬂ" “““ =l Tl
- : v e 1 2 o N . 8
'{.‘ o EKGH > g '_ﬂ."_.‘rlf
’}: The surface force 27a2 per area 1 may be
SR As an illustration of a case in '
et e s

negligible, let us supose '
are magnetised by coi
in Fig. 200, with
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long that the intensities at the remote ends are negligible. We
“shall assume that the intensity near the neighbouring ends is
- parallel to the axis. As above, the volume force gives us a pull
1 %x‘H,’ where H,is the intersity just inside theiron. The surface

~ pull 275 gives us 2rx2H2. The total pull is therefore

1 1 44 \ ( — ]) II 2
o< Hy + 2mctHy! = o cHA (I + ) = £ s;f = l
£
—_— 2
S =

where H, is the intensity in the air in the gap.

The assumptions of constant permeability and of field parallel
to the axis in the bar near the facing ends are only very rough |
approximations to the truth at the best,so that the result obtained ;
has no real value except as an illustration of the formulze. '

Forces on a body of permeability u, placed in a field
in a medium of permeability x,. The field is altered by the
introduction of the body just as it would be by the introduction
of a layer of magnetism of surface density

i o

o = (kp — ) Hycos 0,

~ and acting evegwhexe according to the law m/u,* (p. 251). The
- forces due to the body, and therefore the reactions on the body, o5
~ can be calculated by replacing the body by this layer and finding . A
E*the forces upon it. The forces on the surface layer o may be  gae
- obtained as on p. 254, remembering that now the intensity due to
g is 270 /uy, and. that this is now the value of DH or HC in
~ Fig. 197. “Fhe intensity H acting on the surface layer may be
- regarded as the resultant of 27c /u, along the normal and of Hj,
ormer gives a tension along the normn :

_ ﬂl& on p. 255, remembering that now
volume force is then found to be |
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observations that a paramagnetic body in a more ph‘mma"gne'h

medium behaves as if it were diamagnetic is at onvee explained by

ke, 2
the expression for the volume force, 122 =1 —;—i— For'suppose that

the body is first in air : the force o unit volume in diréction z is
Ky dH? dH? . ,
,‘zi == where 7, may be Fletcrqnned from the value of the ficld
before the introduction of the body, sigce when x is small the
intensity of the field is not sensibly altered by its introduction.

Now surround the body by a medium with susceptibility «,,
and the force changes to

Ky -— &y dH?
2 da

and if , is greater than «, the force changes sign.

Forces on an elongated bar in a uniform field in air
when its permeability differs very slightly from 1. If
we neglect the outward tension proportional to x2 the other term
in the surface force is Hyo or xH,2 cos 6, per unit area of
surface in the direction H,,  This is a force xH,? per unit area of
the tube of induction. Then to the extent to which we can adopt
the supposition that the tubes go straight through the body, that
is, that their course is unaltered by its presence, these forces will
neutralise each other in pairs at the entrance and exit of the tube,
The body will to this approximation rest in any position. But
Lord Kelvin showed* that when we take into account the altera-
tion of field due to the induced magnetism, it follows ~that both
paramagnetic and diamagnetic bars tend to set with their longer
axes along the lines of force. This result is important, for it
implies that the equatorial setting of small diamagnetic bars
placed midway between the poles of a magnet is not due toa
tendency to set transverse to the lines of force, but to a tendency
of the material to get into a weaker field. By setting transversely,
the two ends of the bar get into the weakest ficlds available,
for the field diminishes in the equatorial plane as we move out
from the centre. Lo Nt roy

To understand the longitudinal setting i
us imagine a bar of square section to be |
placed end to end. First let the body b
be held longitudinally in the field.
the maguetisation of its neighbo
magnets tends to increase the mag
end to end.  Thus the polavity a
the bar be placed transve
tend to weaken the magn

a number of magn etsaetsi

RN LN e ST RPN A Ry £ o 1A &
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9, 0w et the bar be inclined at any angle to the field, as in Fig. 201.
';'The mutual altion of the cubes tends to increase the end
- magnetisation and to weaken the side magnetisation. Neglecting
© this mutudl action, that is, neglecting thf. effect of the smlaw
* distributidn on the intensity, the bar, as we have seen, will be in
equilibrium—that is, the ©centre of polarity ™ of the end A and
of the side B must be at ¢ in the line of force OH through the
centre O, Fig. 201. But tukmwmt(,muumlt the increase of lmlaut}
at A and tlu decrease at B, the mag-
netic axis will be thrown on to the A
side of oc to ¢, say, and the force,
acting through ¢ will tend to pull the
bar mto the dxrectmn of the field.
\ow take a diamagnetic bar made
- up in the same way of cubes. If it is
A held longltudmnllv in the field, we
represent its polant\ bv quppmm"
that a NSP induces a NSP, while a
SSP induces a SSP. At the p]ane of
contact of two cubes where there are
opposite polarities each therefore tends.
. to weaken the other, and the net result
~is that the end magnetisation is de- ~ F16. 201,
creased. Now put the bar transversely.
~ Sinee like induces like, each cube will tend to strengthen its neigh-
~ bours and the side magnetisation is increased.
-~ If the bar is inclined at an angle to the field the mutual action
of the cubes tends to increase the side magnetisation and to
- decrease the end magnetisation, and the centre of polarity is
- thrown towards B, say to ;- This is a SSP, and the force
ﬁnﬂ to 'I‘.lle mtenslty H will puqh it. 'T’he moment round the
centre tﬂfdh make the bal turn round parallel to the lines

AT

H

. moment of a small paramagnetic or
‘placed in a magnetic field. If the
ore the body is introduced, that value is

introduction when u — 1 is exceedingly

n at any point may therefore be taken as

”Ofllmgl:h {and cross-section a and with

ama net with poles + Ia = xHaq,

% volume. e total -magnetic

. nﬂgh momentn, and if the body
‘ded as drm in lt, its moment
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dv. (O

If the body is large, the total force in direction z is

1@ Y

2:{{{‘“/11 dv
from which we may again draw-the conclugion that if x is positive
the body tends to move towards the position where [H?lv is a
maximum, and that if k is negative it tends to niove towards the
pOSitiOl] Wh(‘l’(_‘fl‘lzdt? is a mighnum.

Time of vibration of a small needle with ;—1 very
small suspended in the centre of a field between the
poles of a magnet, the field being symmetrical about
the axis and the equatorial plane. Lord Kelvin has
shown* that the time of vibration of a needle-shaped body

- depends only on its density and magnetie
Y| suseeptibility, and not on the particular

~ shape or size of the needle so long as it

= : is a needle and small.  This very remark-
able resylt has led to a method of de-

> termining susceptibilities.

- - First imagine a particle of volume o,
B . density p, and susceptibility x to be
somehow freed from weight and to be

* ¥ Q T suspended, under the action of magnetic
e forces only, by a very fine fibrg from the
L Bk s, central point C of the field vepresented
Bo s S in Fig. 202. S
If paramagnctic, it will set at P with
s AR the fibrealong CP; if diamagnetic, at Q,
e with the fibre along CQ: and if dis-
R - 15, 30% turbed it will vibrate, forming as it
I were a magnetic pendulum, Let ustake
T axes as in the figure. 'We may put the intemsity near C in the
gy form = SO R At
b . .— _ X 3

[ Ie.
[

CH2=H2— A2 4 Byt

For putting H as a function of @ and y and
“must disappear to satisfy symmetry.
second may be neglected if we are ne:
the terms with A and B ﬂ*séaeﬂie;éﬁ 3
that H increases from C towards I
towards Q. T e

The magnetic force on the
Let us .supposaltvtolxe

R -
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_hon 1= Q Lel: 1t 'be dlsturbed through a small angle 6 from

"The force®along the arc s, the restoring force, 1s

. _ 1 dm

. 3~ ado

puttine ds = adf, where a is the length CQ of the fibre. But in the
dl:lurbtd position & = a cos # and = asin 6, so that
- H2 = H2 — Aa*cos? 8 + Bu?sin® 6
E 2
3 and %—Ig— = 2¢*(A + B)sin 0 cos 0
: «*(A + B)sin 20
F = 2% A + B)d
' since 0 is small.
'I'he acceleration on the particle is therefore

1°c0 dH2

2 pra db

K
= A+B9
pu( )

K
=-(A+ B)s
p( )

~ and as we suppose x negative, this is towards Q. The vibration is
ﬂmrefore harmonic of period

T it

""“m is mdepm;déﬁj: of a.
A T ,J.f, thm, thin bar or needle is Fivoted at C so that its weight

< Wemd, every particle of it tends to vibrate in the B
ne t vibrates as a whole with the above period. SRS
mgn,etlg’, it is easily seen that the sign of the R
changed, and that the time is

'mn aecount for the
50 easy to work out a
iﬂm to account for -
issto find a system
Lb,otlies or for «d

W s .“_.1__1'
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dielectries in the electric field. In the electric field, fo P
instance, between two parallel metal plates charged with +4¢ =
the tension along the lines of force must be 2702 in order
to account for the work done in separating the prates. But
there is no exactly corresponding magnetic system, nothing like
a charged conductor. Since the magnetic induction tubes are
continuous, there are magnetic stresses on each side of the surface ‘g
separating two media, and energy is distributed throughout the i

E

i

tube. We cannot make a real magnetic experiment like that with
an attracted disc electrometer, where we weigh the pull by the
dielectric on the surface. Even the électric system is indeterminate,
tfor we can hardly argue conclusively from the pulls in a uniform
field to those in a field in which the level surfaces are curved.
The tensions and the pressures keeping an element in equilibrium >
might depend on the curvature of the lines of force. But we can

at least show that the electric stress system devised by Maxwell holds i
with a uniform field, and can further show that it gives forces which
agree with the actual forcés on bodies. We have no satisfactor

starting-pointfora magnetic system of stresses, and it is probably best
to be guided by analogy with the electric field, remembering again
that the problem is really ineeterminate and that the system assumed
is only one of an infinite number of possible solutions. Maxwell* = =
proposed a magnetic stress system which in a medium of perme- 5

2 T

ability 1 gives a tension —— along the lines of force and an equal

4

2 .
pressure SE-— perpendicular to them. In a medium of p(irmeability

w, homogeneous and isotropic, so that induction t-l.na.il_l‘tén_sity- are in

the same direction, his system consists of a tension H2/87 along,

and a pressure H?/87 perpendicular to, the lines of force, and in
. .

¥ addition a tension (u — 1)-&—7 = xH? along the lines of force.

This stress system is not satisfactory. - The system of tension and
pressure, cach equal to H*/87, would keep each element ofa
homogeneous medium in equilibrium, and it can be shown that it
_ would account for the surface forces on a magnetised body in air,
6 = on that is, for the forces on the surfaces of discontinuity. But the
) additional tension xH? within the body would only a system
in equilibrium in a uniform field. We shall e 3
Maxwell’s system one analogous to the electri
therefore assume that there is in a homogen

2 . PR
tension %—17‘_{— along the lines of

perpendicular to them. F

* Kleetricity and_Magnetism,
discu~sed atoll‘gxngt'h'nim!?l_lk _
Heaviside's Electrical Papers, vo.

- ~ "

= M- . OO i‘..‘_.:‘ .; 5
AT DAL I W -
. "
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" Tllla svatem, ]ﬁte the electrie wetcm will maintain each element

;.\ “of a bodyv in thich u is constant in equilibrium. Tue forces
~  acting on the two sides of an element of surface where u changes
will not be in eqmlllmum.and their resultant ought to be equal

to the mtchanical force acting on the surface, eq tml in fact, to the
forces deduced by suppmuw that the imaginary surface luel is
acted on by the field existing about it. We shall find that the
two sy stems are not qunulunt element by element, but that they
give the same resultant force on the bod\ as a whole. Perhaps

L this is as much as could be expected.
= 2
. The tensions and pressures 82

ment of a medium in which u is constant, exactly as the tensions and

> -

are in equilibrium on any ele-

pressures _3_:_ are in equilibriam on an element of dielectric.  Any
T

& portion of a medium with g.constant is therefore in equilibrium,
; aud if we draw a closed surface S wholly within the medium. the
tensions and pressures acting®on S from ‘outside form a system in
equilibrium. Equally the reactions from inside on the medium
outside S are in equilibrium. If we imagine the medium within S
- to have the samedistribution of indu(ﬁun but some other constant
- value of u, we can superpose the stresses due to this on the actual
‘ system without destroying equilibrium. Obviously we need not
even have the distribution of induction the samein the superposed = =
~ system so long as it is a possible distribution obeying the tube law,
- but we shall only require the more limited case.
The stresses on an element of surface separating

-~ media of permeabilities ,, and '\-.1?,?;"

" pp  Let the plane of Fig. 203 be that B

~ through the normal to the surface and / At
E '5'l:he axis of a tube i in the u, medium, SR

eeting the surface in an element dS
reser ﬂ.’d traee AB. Let the

Fi¢. 203.
across AB.
ards across AB and T the tangential
e BC=d> cos 0 and AC*=dS5Tin 0,
ion and pressure,
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~Similarly _
a . 2 o T
T=£ };:’ cos ¢, sin 6, + #ﬂ:' sin 6, cos 9_1

~

2 -

- sin 26,.

~

= py M
Sm

The resultant of N and T is a'tension on unit area of the
surface in a direction making an angle 26, ‘with the normal. The
resultant of the system N and I’ over the body should give the
actual force. ‘ ' _ .

But we may add to this system the system due to the internal
stresses, for these form a system in equilibrium. We may take

2 e

e these internal stresses either of their actual value, ”::_’ s OT, 85 18 "
- 5 2 -
: more convenient, of value ’%Hg , 2.e. we superpose on the actual
i w‘ =

~ 7 H.,2 H 2' . -

- system 28 . a system (pl——pz)s—;g

When the internal system is superposed we get
c .

2 2 ,
N=£"1 LI:‘ (cos? B, — sin? 6,) - #TSI;;-I’ (cos® B — sin® ;)

=2 35 i 2 9 = Tl = : =7, .

' 5 — #H,?cos? 6, — u Hy? cos 6’, since H, sin 6; = H, sin 6,
R 8. : ' e
SR

_ H, cos 6, + H, cos B, H, cps'&;_.—i_l__, @5-9!
- 9 = -uu-l. = h" A g

u ‘,:y

e S oul - L

AJ

v o 3
= Normal component of 1-—1-!—-;;—& x sur?m denmty -

where the accents are put to denote the vechr‘_valueg.

- n » o
Tl
s L 4
K e el
- . e
" n i

=
.

i A

é

; Sy ﬂ-lﬂlz
T= G

. H,? sin 0, cos 6,
sin 6, cos 6, — £y : ﬁ—!“; :

Y o
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" Hence the assumed system gives the same force on a whole body

as the system obtained by considering the imaginary surface layer
of magnetism.

t is easy to show that,the system of pressures and tensions in
air will £ecount for the force on a straight wire carrving a current
C due to a field H at right angles to the wire or in the field due to
another parallel current.

a -




CHAPFTER XXI,

THE MEASUREMENT OF PERMEABILITY AND
THE ALLIED QUALITIES IN FERRO-
MAGNETIC BODIES

Magnetometer method—Ballistic method—Magnetisation in very weak
fields—Magnetisation in very strong fields—Ewing’s isthmus method—
Nickel and cobalt—The hysteresis loop and the energy dissipated in a
cycle—Mechanical model to illustrate hysteresis.

A xNowLEDGE of the permeability of iron, and of the way in which
B varies as H is changed, is of the highest importauce as a guide
to dvnamo construction. In this chapter we shall give an account
of the principles upon whi¢h are based some of the methods used
to investigate the relation between B and H for iron and steel, and
we shall indicate the general nature of the results.®* It will be
necessary to assume some knowledge of electro-magnetism.
Magnetometer method. In this method, applicable to
a long thin rod or wire, the rod is placed within a solenoid some-

what longer than itself and is
through the solenoid. One end o
—the magnetometer—and from
magnetisation of the rod is

.

arrangement, due to Ewmﬂiﬂg,@

technical needs in'
o % »
ve

A" ; g ol L
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A represents the so'lenmd placed vertical. B is the magneto-
= meter nearly level with the upper end of A,and at a distance from
= it so short that the action on the needle is almost entirely due to
& the upperypole. The rod pust be adjusted to the height at which
& the actiofl is a maximum. The magnetising current through the
solenoid is supplied by the cells on the nerht and on its way to
the amperemeter G and the commutator F it passes through the
= adjustable liquid resistance H, which consists of a tall “’Llw jar
- mth three dises of zinc llnlllelwt,d in a dilute solution of zine
~ sulphate.
a lt will be seen from the figure that the circuit from one
. terminal of the battery passes tblourrh the top. disc on its way to
G and the solenoid, while the ()thel terminal 1s connected b-y an
insulated wire to the bottom disc. The other end of the solenoid
is connected to the middle dise, which is movable up and down.

= If the middle disc touches the top one, the current flows through
F. the jar and none goes through the solenoid. As the middle disc

is lowered the current thmugh the solenoid increases and is a
maximum when the middle dise touches the bottom one. On its
way to the solenoid the current passes through the ““ compensating
coil " E. which is adjusted in such a prmtmn that when there is no
rod within the solenoid the action of E on the magnctometer is
just equal and opposite to that of the solenoid. The magnetic
action of the solenoid itself may therefore be left out of acc ount
In order that the earth’s field may be eliminated a second
2 solenoid is wound round the first and a constant current from a
- cell C is passed through it and through a resistance D so adjusted
. that the field due to the constant current within this second
solenoid is equal and opposite to the earth’s vertical field.
When a specimen is to be tested it is necessary in the first
. place to dema§net15e it. This is effected by the “method of
“;_' reversals.” The rod is placed within the solenmd and the full
current is pl.ll: on by lowering the middle plate in the liquid
mllhmee tMact with that at the bottom. The commutator
y‘revolved 50 as to alternate the field within the
| the rapid alternation is going on the middle
' !l " f’gmfu[ through the liquid to the top so that the
e of the alternating current slowly decreases from its
2€10, and the rod is found to be (.omp]etely
process. This method serves also to adjust
the outer solenoid to the valueereqefed
field, for the reversals only completely
e field is finally reduced to zero. It
aﬂpmt a specla.l rod of annealed
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If Tis the intensity of magnetisation of the rod an —qi-i’;_'_
cross-section, its pole strength is 7a®l.  Let QQ', Fig. 205, rep 1', t
the two poles of the rod, 0 being the magnetometer, the horizont e
component of the field in which it is ploced being perpendicular to

the plane of the figure, and being of infensity F.
0_d Let 0Q =d, 0Q'=d. o
Q It 0 is the deflection of the needle, then
s 1 d)

F tan 6= 7’ (82' -5 7

3
and I=d* F tan 0/7a® (1 = ;ls)
This gives I in terms of measurable quantities. Since
B=,H=(1447«)H=H+4#I, if we know H and I
we find B and . The value of H due to the mag-

Q netising current is not, however, the actual value of
the field, for the poles formed in the specimen pr«duce
F1e. 205.  an opposing field, and some assumption is needed to

- allow for the reduction due to this, If the specimen
is very thin with diameter, gay, 1/400 of the length, the reduction
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is very small. Ewing suppose
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- The following Table gives particulars of a test made by Ewing on
an annealed wrotight-iron wire of diameter 0077 cm. and length
- 805 cm. or 400 diameters. The current was increased step by
"step from 0 to a value giving a field of 22:27 gausses and was then
* reduced by steps through 0 to —2'87 gausses. The continnous
~ curves in Fig. 206 (taken from Ewing) show the values of I as
" ordinates plotted against H asabscisse, the lower curve for increas-
" ing current and the uppsr one for ¢ecreasing curient.

i SRR

A Field due to mag- | Iotensity of Corrected Macmetic sns | Magnetic Macnetle
‘f 3 netising current [magmetisation tield ceptibilicy | induction [permenhiiicy
H'=4znA/10 1 H=H’'-45I/10" x B=H+izl| p~=B/H
i 00 0 00 — 0 —
032 3 0-32 g 10 120
055 13 0-84 156 170 200
1°38 33 1-37 24 420 310
.- 2°18 93 214 43 1,170 550
- 2°80 295 20607 110 3.710 1480
350 581 324 s 374 7,300 2250
. 421 793 3-89 204 9,070 2560) :
B 4-92 926 450 26 11,640 2590
563 1009 6517 e 195 12,680 2450
6769 1088 6-20 175 13.6 0 2200
- B-46 1155 701 145 14,510 1830 3
b, 1023 1192 9:79 122 14.480 1540 TR
12;11 1212 1157 1056 | 15,230 1320 -
; 1561 1238 15-06 82 15,570 1030 1
2032 1255 19478 > 584 15,780 B0 .
1262 21°70 68 15,570 730 Y,
1258 — — — —— J
1245 —_ — - — |
1235 - — == L5
1225 - - —
- 1205 — as T oL
1162 - - - _—
wnss | — - - ~
— —
E o
jl

iy [‘-

correction from H' to T may be
rrection is — 000045 I, dizea
045 at 1=1000. The abscissa
correctionr to H' at that
nt a distance to the
bscissa of OIS at that

on between I and HD
obtained. The Tubles

.
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maximum value of k is raised from 185 fo 206 and g i -
creased practically in the same proportion. e Recy o

The magnetometer method is not the best for accurate absolute
measurements. The polarity is not all concentrated at or close”
to the ends of the wire and its distribution cannot be ealcilated. A
The value obtained for I is therefore inexact. The correction to =
H, too, is only an approximation to the true correction. More
exact results are obtained by tke ballistic method described below,
But the magnetometer method is special]y well adapted for in-
vestigations on the effects of stresses on magnetisation, since the
wire tested can be subjected to end pulls or to twists while within
the solenoid. It serves well, too, to give a general idea of the
results obtained on subjecting a specimen to a magnetising force
and on carrying the magnetising force through a cycle, inas-

- . much as it is easy to work and the theory is simple and gives
fairly good results when the specimen tested is very thin compared
with its length. By it we may obtain the curve already briefly =
described in Chapter X1V, p. 183, and represented in Fig. 207. 2

L
—
0

gﬂﬂqnﬁ.vatlbn

FiG. 2075 T

It is interesting to note that in the
theagesidpal magnetisation when
still 1162, or 92 per cent. of the
increasing current. When thg‘ C
tion does not disappear till the
is the value of the * coercive f
remembered that though th
disappears undex this coerci

from w

R ;l;mgnetised condition

i, B i
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1 _':mcess thro‘utrh whuh lt has been carried.  For if the current

in the reverse du'ectmn is further mcreased the curve does not

~ descend as it originally ascended from O, but is much steeper.

~ The Ballistic methpd. This was first devised by Weber

~and has®ince been used in many important researches. We -
* shall describe its application to a ring-shaped specimen of the

‘metal to be tested. Round the ring is wrapped a coil of wire A,

& Fig. 208, and in the circuit is a Lattery, an amperemeter G,, an

. adJustable resistance B,, and a commutator K. If r is the mean

8T D
4 E
-' % N
- 2 |
: 1 : L
B,
G, 4

= i iy

Fic. 208. N T

~ 5 i

mﬂius of the ring and if the number of turns of the coil is N i A

h of the circle of radius , a cwrent A in the coil R 3
Jintensity H=47 NA/10 at the distance 7. We
- '-;-,P.'-!'- so thin that H 1s constant across a
: s value. Round one part of the Ting a
ns is wrapped. In the circuit of this coil
‘..G,, an adjustable resistance B,, an
L: !ID wh;ch can be used to reduce

. ‘Ihmu h G, for a givgn threw.
; table, If the sum of the
of the earth’s vertical
"ugbit is VS, If B is

hange in induction is
reuit the total flow”
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If the throw due to this is © any other 'ﬁn'o
a flow of

2VS 6

016 couloml:s. _ R

In carrying out a test on a ring it is first demagnetised by
reversals, as alleady deserilicd in-the magnetometer method. "['hen _
a small current A, is established in the u)ﬂ A, producing within it
a field H, —471-\1:\ /10, If this creates mdu(tmn B, through the
secondar\ coil the ﬂow of electricity in the ballistic ga.l&auuuwtet—‘

will be -11%, and if the throw is 6, g
nB, _2VSh, >

R ].Ul{@ T
VS0, .
whence B, = 05 6 ‘ : 1

{3,000

— H '
TFro 200, Rue

Unless the primary coil A is very“nlme in

a gorrection must be subtracted from B, fc
the space between wire and iron. It
S’ an(li’ the cross-section of the iron is
from B, to give the 1nduchoﬁ‘3ﬁ',-. :
correction is very small.
+ The carrent in A is d:ha'i'f

amperes. This increases
- measured by the ’hew -.thmw
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* total field will be H, + H, and the total induction B, + B, To
~ find the inducfion per sq. cm. in the iron, we must divide the
5. total induction by the cross-section S. The current may be -
i- increased Step by step te, any desired amount and then taken
+ round a %ycle in any desired way, the values of H and B being
~ determinate at every point.
n Fig. 209 represents a test carried out by Ewing (loc. cit. PP-
: 70-72) on a wrought-irgn ring, mesm radius 5 em. and cross-section
5 00483 sq. em. The magnetising coil had 474 turns and the
. secondary had 167 turns. H was gradually raised from 0 to 9-14,
then taken back to 0 and again raised to 9-14.

The induction per sq. em. in the iron rose to 12,440 at the
maximum. The maximum value of x=B/H was 1740 when the
value of H was 495.*

Magnetisation in very weak flields. Baur.t experi-
menting by the ballistic method on a ring of soft iron with values
of H rising to 0384, found that I and B could be represented by
the parabolic formul=e B

I=145H+4110H*
B=183H +188%I-I'-‘

g T T R

’
i

" whence k=1454+110H

and p= 1834 1382H.

. These results suggest that for extremely small values of H, x and
- p are constant. This point was investigated by Lord Rayleigh |
and the suggestion was confirmed. He used the magnetometer
method with a second compensating coil through which the
. magnetising current passed, adjusted in such a position that it
- neutralised the effect of ¢he iron wire tested (Swedish iron un-
annealed) on the magnetometer needle when the intensity of the
mgnetic field within the solenoid did not exceed 001 When
ensity of the field was still further reduced the compemsation
he reduction was carried down to an intensity
1) th of the initial value, It might therefore
en H=0and H =004, x and p are constant
¢ there is no retentivity. The lmlue of

004 the constancy no longer held.
14 that if a gpecimeng wa® already
and there was then nmde a small
> opposite in direction to that

-

L

- o ]
-

SF 9y

nsult Ewing on Magnetio
__'-!_‘ r : 7'

mﬁpdil huled. especially, )
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already employed the qus(,eptrblhtv for that change wa&near]v
same as when the specmwn was initially unmagnetised.
Thus if OAP, Fig. 210, represents the magnetisation curve w1th
an increasing uluent OA is the part under small forces “lfh constant “f
poand k and no retentivity. If the maguetisation is carried up to

I

N M i
Fre. 210, : ,

P and then a small decrease MN is made in H, PQ parallel to OA o
is the magnetisation curve. If H is again mcreased by NM we
arrive again at P. -
But when the initial macmetlsatlon is much. ma'eased and the -2
region of saturation is appwached PQ has a less slope, or the

susceptibility for the small change, which we may denote by ,:11[1{’ 2

decreases.
s With annealed iron there is a time lag )
et This effect has been exammed by E\Vlng. and we. €
! to his work, p. 129, for an account of the experimer
o Magnetlsatlon in very strongr-
isthmus method. In Fig. 211 NS are
very powerful electro-magnet, ﬂlg H
abmt an axis through o Eel:pauﬁi ;
A bobbin B just fits in n t

- turn wrapped close about
-« connected to a ballistic

Ta t180° about the axis th
is reversed. The th
the vaiue of the indanﬂ

flee magne 1?l'm i‘! Z

i
-

ey [_-IJ" *
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conl:muom mthm and wlthout the iron

there, and Lwing

~ calculated that if the pole pieces had an ancle of 78° 98’ the field
- would be nearly uniform as well as continuous.

In order to
- measure tﬁe intensity H of the field a second coil of somewhat

larger aréa was wound round the first, the difference in areas being

F1a. 211.
L ]

known. The difference in the galvanometer throw when the
second coil was used and when the first coil was used gave the
value of H in the air, and therefore in ghe iromn.

The following Table (Ewing, loc. cit. p. 150) gives the results
obtained with a specimen of bwednsh iron, and “will serve as a

bt

1700
1700

stype:
H .. B 1 I
n490 22,65 1680 15-20
3,600 <l 24,650 1680 685
3! 6,070 27,130 16480 447
' 30,270 + 1720 352
1610

2:13
2°10
207

ined showed the same tendency towards
'-' ward.s saturation, and a consequent
These are merely two

g an entlrely

: -:gln

of tha

-+ 3

'

#.)'.

»?‘
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The relations between penmablllty and ma‘gnetlsmg force
vary greatly with the quality of the iron or steel tested. The
soffer the iron the greater the maximum permeability. With
steel the permeability is in general fower the harder the steel. o
Alloys of iron with manganese, * manganese steel,” have been
made with a per meahllity less than 1'5, and Hopkinson found
that a certain specimen of nickel steel containing Q) per cent. of
nickel had practically a constaitt permeability of 1-

Nickel and cobalt. The methods which we have described
for iron may be used also for nickel and cobalt, and similar results
are obtained, though the magnetisation and pelmeabllltv for a
given magnetising Torce are much less than for iron. For an
annealed nickel wire Ewing found that g attained a maximum k.

value of 23'5 when the field was 9-5. This corresponds to u = 296. 5
In general the saturation value of I for nickel is a third or a fourth
the value for wrought iron. Cobalt has less susceptibility than
nickel in weak fields, but greater in strong fields.

The hysteresis loop and the energy dissipated in
a cycle. We have seen that if we start with demagnetised
iron and apply a wmagnetising force gradually increasing to a
maximum of considerablegvalue + H,,, and if then we carry H
through a complete cycle + H,,, O,—H_, O,4 H,,, the magnetisa-
tion I and the induction B return to very nearly the same values,
and the magnetisation curve forms a very nearly closed loop.
Probably I and B do not return to exactly the same values. :
But successive repetitions of the cycle give curves very nearly =
overlying the first, and the longer the c_)cle is repeated.the more
nearly do the successive curves coincide. We shall suppose that
the stage is reached in which we mav take the magnetlsatlon
curve as a closed loop—the hysteresis loop.

In each cycle a certain amount of energy is dissipated and
appears as heat in the iron. We may ‘calculate the energy dis-
sipated in a way somewhat different from that already Even in
Chapter XIX. We shall suppose that we are using the ring
method and that the magnetising coil is wound so clesely on the
iron that the induction may be considered as all within the iron.

Let E be the EM.F. put on to the maguetising coil from
outside. Let B be the number of induction tubes through umt—-
area of the iron, and let a be the area of its cross-sect én. '
aB is the total induction. If there are n t ns of the
vittual tumber of tubes through it isnaB.
through the coil and R 1ts rcsastance L

or



o o VR A T "

ot MEASUREMENT OF PERMEABILITY 7Y
" The left-hand side, CEd?, is the energy supplied to the coil by
" the external sofirce of current in time df. C*Rd¢ is the energy
~ dissipated as heat in the wire according to Joule’s law. Then
~ naCdB isethe energy supplied to the iron in increasing the
~ inductioi® by dB.

If 7 is the mean length of the iron its volume is Za, so that the

energy supplied to umit volume is n(;fl!
L-g_ ~ If H is the iutcnsity.of the field within the coil, Hl =4 7nC,
S that "C-

=3 l 4 )

Hence the energy supplied per unit volume in the increase of
E. ; NErgy supp p
~ magnetic induction dB is
A HdB
a:: -

Let CD, Fig. 212, represent the hysteresis loop when the
curve is drawn with abscissa pepresenting H and ordinate repre-
senting B. Let PQ be an element in-the ascending branch. The

strip PQNM is HdB, so that the energy supplied is ]-—‘EP—\-E In
™

- the descending branch there will be an tlement QP with both H

E B

N <N

be positive and the energy

-

- the two elements is
) ) - ~
5[ S 3 "' . PR = A )
T ot ',;-'.-',‘ B,

l_.,‘-..y.' z S
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branch H is 4 for both, while B is + in one:— in the_oﬂlel and

the total energy supplied is the difference i:?’l{- It 1s-ea51_]|y,_
m

seen, then, that in the complete cygle the energy s‘;upplied is
{

fg_(_B = —1— X sum of all such strips as PQQ'P’ = 1 X area of
47 'ﬂ'

hysteresis l(mp

If we put B = H + 471, thén dB = di + 47dI, and

HdB Hr[H ,:II :]+fHdI

e
] 1s 0 round a (,yde since H returns to its initial

()\\f [

value. 'Then the energy supplied 15_/ HdI. Or if the hysteresis

- curve.is drawn for H and I, the energy supplied is represented by =
the area of the loop. Since the iron returns to its original con- =
dition after a complete cycle,and meanwhile there isan addition of - -
energy, we may conclude that this energy is dissipated and is the =
equnalent of the heat which appears.

It can be shown by a tKermodynamic cycle that if u is constant
for a given temperature so that the iron can be magnetised bya
reversible process, and if u varies with change of temperature, then
energy must be supplied to a macrnetlsed body to keep the &
tunpemtme constant if the ma:rmtlaatlon is mu'eased The =8
amount thus supplied * is
1 d« -

) —
o GIdI K dﬂ

SN nnestln‘lted by Lmd leeltrh Fig. 210 and in the;m b
L from shbsequeut stages where the process 'of magnetisaty

s cally reversible. We cannot deduce the heat req i
temperature constant in a non-reversible |
appearing in a non-neversibl cle. It
account for the heat required in
jdhysical explanation, the sz
heat dissipated in hysteresis.
(p- 279) w ol‘rldsuogesttha}
consists of two parts, one
also reversible, another pa
something analogous to fi
In cﬂnnet.ﬁop mﬂl

w
.:"; | 'Thomso?_:lzg
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_ ments y are t® be noted.* Swinburne had pointed out that
~if Ewing's moded, described in Chapter XV, givesa right idea of the
hysical nature of the magnetisation of iron, then the hysteresis of
= iron rotating in a constant magnetic field should show a falling off
as saturasion is approached? For if all the molecular magnets are
: yallel to the imposed force they will simply rotate as the field
‘rotates relative to the iron, without dissipating energy. Baily
found that up to a value of B in thje neighbourhood of 15,000 the
hysterésis increased, and for both soft iron and. hard steel it is not
= very different in a rotating field from its value in a field reversed
" in the ordinary way. If the rotating field is further increased,
g‘ ~ then hysteresis falls off and apparently would vanish for a value of
B about 21,000, though that value was not actually reached.
Mechanical model to illustrate hysteresis. It may
be interesting to describe a mechanieal model which, if it could be
eonstructed, would give relations between force P and displacement
d very nearly corresponding to the relations -between magnetic
intensity H and magnetisation I. Let AB, Fig. 213, bea cylinder of
air with unit-area cross-section and of length 2D. Let CDEF be a
short eylinder moving within it with friction F. Let G be a piston

Fis]
-1
o

c D

I _——
; Al' = SRJBR.P}
: 3

> Fro. 213.

~ moving without friction in CDEF, but against springs SS attached
.~ to CDEF. Let the piston-rod R pass out through an air-tight ¥
~ hole at B, and let any desired force P be applied at the end of R. f o
 Let us suppose that G has area practically equal to the unit-area S
 of cross-section of AB. Let us start with the piston in the centre
) m]'Of air p on the two sides. It is easily seen
is displaced d to the right, then, as far as the air
" ied, R must be pulled with a force®

etween Pa and d will be

e a force Py, vhich may be
n that the ends of Aand B
ore P,, is pro- *
we so till that
ich thg spring

RLYSF o L.
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force can just overcome the friction F. Therchfter tﬁ;*p' ull P, will

})ci constant and equal to K as long as the motion $s from
eft. 2 |

To reverse the motion the force must be reversed from

NS S
-
E

.

=5
-lo:ac::-fatné

-—/ | -
. i 75 A,
¢ Fic. 214,

P;= + Fto P, = —F, giving a displacement of G = 24, before
~ « CF beginsto move. Then P, remains constant at — F till another =

reversal. ~Again there is a change of 2F and a displacement
meanwhile of 2d,; then motion with constant F. The diagram
-
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«  resembling the maghetic hysteresis loop. The reader may easily
~ follow out the dose analogies between the two systems.

"~ Wehaveonlyattempted in this chapter to give such an account
" of the magnetisation of the ferromagnetic metals that the reader

 may gaift a general idea of the- methods of experiments and a

. :

= :

3 |

) 1

L]

y L]

gwe :
- ‘p-

Fi1c. 216.

general idea of the results obtained. ¥or details of the methods
and resplts, for effects of temperature and stress, and for modifica-
tions of the methods for technical purposes, the reader should

- consult Ewing’s Magnetic Induction in Iron and Other Metals on
* which this chapter is based. That work is a very clear account by
 one who has largely contributed to our knowledge of magnetic
- phenomena. Additional information will be found in Rapports au
- Congres International, 1900, vol. ii, in articles by H. du Bois and

 E. Warburg. The latter contains some account of the various

~ changes in iron as the temperature rises, investigated by F. Osmond.
ery full account of the present state of the subject
“Winkelmanns Handbuch der Physik, vol. v.
qwaumd in the paper by S, P. Thompson

.
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CHAPYER XXIf °

e
MEASUREMENTS OF SUSCEPTIBILITY AND ﬁ
PERMEARBILITY OF FARAMAGNETIC §

AND DIAMAGNETIC SUBSTANCES .

Faraday's experiments — Rowland’s  experiment — Experiments of =3
v. Ettingshausen—Curie’s experiment:—QCurie’s law—Wills’ experiment ;
—Townsend's experiment—Pascal’s experiments—The electron theory
—The magneton,

Tue earliest measurements of the mbignetic qualities of substances
other than ferromagnetic were made, soon after Faraday’s discovery
of diamagnetism, by Pliicker,* by E. Becquerel,} and by Faraday.}
Though excelled in accuracy by later woﬁ(,these early experiments
are worthy of attention, since the methods used are simple in principle o -
and easily understood. They consisted in suspending & body ata
given point in the field between the poles of a strong magnet near
to, but not quite in, the axis, and in measuring either by a common =
balance or by a torsion balance the force acting on the body. That

L]
e, $
5 '."‘-Z \qJI '

T

$otin -

. . . . Ko™ x de - g i :
force in any direction x is X2 — %1 &% per unit volume, where x,
: T da | 2

is the susceptibility of the body and x, that of the surrounding
medium, and H is the intensity of the field (p. 258). If bodies of
the same volume ave used in succession.at the same point in the
same field, the forces are proportional to xy—&; OF t0 jeg—py. -

We shall select for description here the experiments of Faraday.
It is to be noted that he gave an account of them only in a lecture

= b

e at the hoyal Institution, and the account Was‘mdﬂnﬂ&mtended
SO as provisional.  But the work was apparently never conti e
S Faraday’s experiments. Faraday used a lg

S permanent magnet to give the field. Thep

g The body, shaped into a eylinder,

e tle strongest part of the field

was hung by a fine glass fibre 5 in.
. rod parallel to ae, but with the
. poise was attached totha,,gth}g

T T
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MAGNETIC & D AMAGNETIC SUBSTANCES 283
" fibre supporting the forsion rod was attached to a graduated head,
" and the position®f the rod was read by a mirror and scale.  Itszero
{ .,,'L? psition was determined by removing the cylinder and placing an

* equal load on the rod itself, where any force due to the field was
. negligible? This zero position was so
* arranged that the vertical through the
~ end of the rod passed through the point
" m, 0'5in. from ¢. Then the body was
~ suspended, and it was forced inwards
. . or outwards according as it was more
“or less paramagnetic than the sur-
~ rounding medium, the torsion rod Fio. 217,
~ being pulled round one way or the
' other. The torsion head was then turned round till the rod was
. again in the zero position and the angle of torsion measured the
" force acting. Since the force due to the field was exceedingly
£ small compared with the weight of the body, the suspending fibre

& was so near the vertical that the body could be regarded as at the
~ point vertically under the end of the arm.

g The standard force selected was that on water in air, and was
taken as 100. To determine it a cylinder of glass was suspended
in air. It was repelled from the zero pésition, and require 15° of
torsion to restore it. It was then suspended in water. Now it was
. attracted and required 54°5° of torsion to restore it. It ki K Ky

" are the susceptibilities of glass, air, and water respeclively,

Ky — Ky &L -15
_ K — kg% + 545

whence &, — k. x — 69'5.

Fuf‘lpnioﬁ are represented by 100 on the scale

B e eylinder is hung in any other liquid
id that 6° of torsion are requied to

-----
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284 MAGNETISM- ' et o ‘-é
of it of the same shape and size as the glass,Sf the restoring force
in air was ¢, s | 875
~ Ks — Ka & f;b ;,

) e 100 5

whence x, — , on the air-watér scale was ¢ X 6?)_5 q

Full details of the work are not given, but apparently a bulb
was used containing in succession various liquids and gases, and the
same bulb was used when exhausted so that the values of ¢ relative '
to a vacuum could be deduced. Taking a vacuum as having zero
susceptibility and &, — ¢ = 100, Faraday found for «, the value s
35, and therefore for water x, = — 96'5. The following Table 3
gives some of his measurements on this scale. Becquerel’s values

~for some of the same substances are given, adapted to Faraday’s p
scale. Becquerel took x, — kw = — 10 and x, = 0. To compare
them his numbers have been multiplied by 10, and have been added
to 3'4.  The numbers for air and water must of coursé agree :

FARADAY BECQUEREL
Oxygen O W 214
Air ¢ ' 34 34
Vacuum 0
Carbon dioxide 0
Hydrogen — 01
Zinc — 746 — 216
Alcohol — 787 — 755
Water — 966 - — 966
Carbon disulphide — 996 — 1296
Sulphur — 118 — 1108
Bismuth — 19676 — 2142 -

The closeness of the values in many cases is evidence of the
excellence of the work of the two experimenters. ¥ i
Faraday made experiments at different distances and found
differeat results. The value for bismuth, for instance, rose quite.
considerably as the distance increased. This has not been con-
firmed by later work, and there was no doubt some undete
error important at the greater distances, but a :
important at the half-inch distance, since the ;
are in very fair accordance with the b
“ We shall now describe some of -
typical methods.
Rowland’s experime
the method of a vibrating needle
given on p. 260. Accordi
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. where A and B are known if we know the rates of change of field
~ along and’ perpendicular to the axis. These rates were determined
.~ by means of an “ exploring coil ™ which was connected to a ballistic
~ galvanometer and placed, to begin with, at the centre of the field and
~ withits plane perpendicylar to the4ield. It wasthen moved short
~ measured distances and the galvanometer throws gave the changes
~ to be measured. The coil was also moved from the centre right
' out of the ficld and thus the field at the centre was found.

o The method was applied to crystals of bismuth and of cale
i: :Emr, and it was found that the value of x in each case was different

3 ong different axes. The values of 10°% obtained along two axes
B;' were

5. . BISMUTH CALC SPAR

. 10%, — 12554 — 38

3 10%, 214324 — 40

i These appear to be the earliest determinations in absolute

measure.

& Experiments of von Ettingshausen. Four different

"~ methods were used by von Ettingshausen * to determine the sus-
- ceptibility of bismuth. In the first method two primary coils _—
 were placed in series and an intermittent current was sent through

- them. Round the primary coils were wound secondary coils con-

~ nected in series through a galvanometer but in opposition—that

" is, so that the simultaneous currents induced in them by the

primaries went in opposite directions through the galvanometer.

- There was a commutator in the circuit worked at such a rate :
~ that both make and break currents went through the galvanometer

 in the same direction. Farst the coils were so adjusted that the

~ secondary currents just neutralised each other. - hen a bismuth

: inder was ir in one of the primaries. Since the per-

ability of bismuth is less than unity, the mutual induction
ween that primary and its secondary was decreased, the current

' “was less than the current in the other secondary,
ymeter was deflected. The bismuth was then

nits place was inserted a solenoid through which o
sed, made and broken as frequently as e
e previous experiment. Thi induced « 0
secondary, rectified as before through -

5 on of the bismuth under the

s be compared- with the ma%; .

e inserted solenoid with :"'

‘the bismuth could be
> e y 3 ‘ﬂ'
"'-' Y i ,i — J ﬁ-‘

¥
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A precaution is necessary in this method. Foucault currents
are induced in the bismuth at both make and break in the =7
of

=

primary. If each Foucault current has time to be formed and
die away before the next change in the primavy, it will induce Sk

. . e = . S
equal and opposite currents in the secondary and may be left =~
out of account. But if the interval between make and break
is too short, the Foucault current formed in one interval extends * 4

partly over the next intervaly where its efféct on the secondary
i1s commuted, and so a balance is left over to affect the galvano-

ll‘ﬁ;l. "

meter. Experiments showed that the frequency must not exceed _‘
more than 8 or 9 per second. b
. . . L

In asecond method a horizontal bismuth cylinder was suspended k-

from one end of a torsion rod so as to be partly within, partly =
without a horizontal solenoid through which a known current was
passed and the force on the bismuth was measured. That force

- 2
is, as we have seen, / ;;— %I%—dv. H could be calculated for each

element of the cylinder and hence x*was determinate.

A third method resembled that of Rowland and Jacques, and
need not be described, :

In a fourth method a Oismuth eylinder was brought betweer.
the poles of a strong magnet., At a distance from the poles either
9 or 17 em. was a magnetometer needle. Before the bismuth

~~ was inserted the effect of the magnet on the needle was compen-
sated by a second magnet. When the bismuth was inserted it
behaved as a feeble reversed magnet and defiected the magneto-
meter needle through .
2M

0=

Ha®

CREs A S M A s

LS
-

where M is the magnetic moment of the bismuth and H is the
field at the magnetometer. The deflectioh was too minute for direct‘
measurement. The bismuth was inserted and withdrawn with a =
periodicity the same as that of the needle, producing ultimately a = =
swing g. If x is the damping coefficient of the swings the direct

deflection A is then given by o
A= .t'_‘]. P »
L 2 e
N The values obtained by the successive methods
SN Ie 13:57 ;+I1, 14-11 ; III, 15:3; 1V, 13-6. ‘,TI_J%_
e, probably the most exact. =~
i Curie’s experiments. P. Curie

« « for a number of substances and in
of temperature, using a method

1Y Faraday. The body to be 'testgedf” '

~ torsioitwas measured which was nee

% Ann. de Chim. et de Phys., 7 ser. V.
3 A g o
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an agnet*EEEE, Fig. 218. The figure represents the
izontal planesthrough the magnetic axis. ‘I'he torsion rod wis
anged so thatthe body could move along ox. The force upon
| ¥S % an®

¥

& s where H; is the intensity, which from

-

ST eoan
‘ ?*ﬁ;ﬁf’# dw

.

-
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Phe galvanometer throw gave Hy.
dH, dH, 2
the fact that da:’ = ((b , since each is equal to — d;’ . where Vis

the magnetic potential. ” The coil was placed at o wltll its plane
perpendlullar to H,, and was moved a given small distance dy

X

along oy, and the throw ga\e ll‘g dy .

L

By these experiments, then, H, d.r, cou]d. be found. Pre-

liminary experiments were made to determine the values of

and L or L at various points along oz, and the point =~

d, dr ,
\v.hele the pwduct was a maximum was fixed as at 0. Since, there-
abouts, it varied slowly, exact adjustment of the body at o was
not necessary. Further, the force along oz was pmctlcall\ con-

stant for a small dlsplacement along ox. In the experiments the

¢ A
J'/ [ &
=8 A&
” gS T fl -
: E E
e
« W [
Fic. 219. =

t torsion fibre, r torsion rod, & body, EE alanbmemqg&% 7y
s scale, p pointer, mmiomscopa (‘“ i AR S
c . Y P -
displacement due to magnetlc actlon wgs aev
It was not necessary, then, to restore f
ol « position, when the deHecting fome acted.
NI ) - the deflection.  This was done by v
¥ . ‘pointer on the other end of the
~ scale. “The arrangement is represen
219 where certain detmls fet measu:

n*q,‘
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¥ 5 omitted. The forceefor a given deflection was obviously deter-
~ minate from thesmoment of nertia and the time of vibration.

& - The body was contained in a small bulb. When the effect of
~ temperatuwe was to be investigated the bulb could be surrounded

by a jacket electrically heated, as represented diagrammatically in
~ Fig. %20, the heating coil being swrounded by porcelain.  Outside
3 .

. FC

o -

e

-

P } P %
o & lo :?:-
o 9 =
ofee’lls] | =
- = o =
a ) t1{lo =
A 0 =
- . 0 E‘ =
. 0 o =
E ; g | -£ "
5 |
- 0 = |
3 ' H
' A Bl |l €
L]
Fia. 220. s
a bulb containing the body, ¢I' porcelain rod, TTT metal tube from
-end of torsion rod, PP porcelain electrically heated oven, ¢ thermo
- . junction, ABC water jacket, EE case.
‘was a screen through which water circulated. Belo¥, the 7 3
aratus was boxed in by wood to lessen convection currents, Al
o correct for the action on the bulb and the supporting rod i s
‘e was red on the bulb when containing the body and
y. To correct lor the air displaced by the :
e value of x for nitrogen is nggligible,
ue to the oxygen. To determiie
with oxygen at a Known con- 1
mmﬁ - _Tl;en the point of =

| till the pressure was that )
- measured, and thes
i hadl escaped.-if. S
o o . ;:-i Sy
N ‘
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A series of determinations of y for @xygen was made b |

temperatures rising from 20° C. to 4150" C., and 1% was'ﬁ)und thaf ‘

if T is the abqulute temperature, «

.

33700 , 1 :
X = 103 . -T‘ : -" -

Hence y is independent of the densﬁ:y, and i Is constant at constant 7
temperature. [

If k, and p, ave the bll‘:(.(:ptlb]]lty and aenslt) of oxygen,

__ 33700 p,
I T1 A :
Since the pressure of oxygen in air is 0'Z of the whole, its

density is 0'2 of the density of oxygen at atmospheric pressure.
Neglecting the nitrogen, the value of «,, the susceptibility of air, 1s
6740 Po
Ka = T rl"
where p, is now the density of oxygen at atmospheric pressure. - -
Dividing by the density of air p,, we have x for air
¢

_6740 1 16
N 108 1 1443

_T410 1
~ B (17T

In correcting for air displaced we require®s,, Assummg the pmssm '
to be 760 mm., then, for oxygen at T,

o ld'

: 00148 x 278 ._
: po= . T U T
whence x."‘264'0 J * =
10‘ T'

The walue of y was ﬁrsg determined for a num
bodles, and, it was found to be constant for e
from 50 to 1350. With the gxceptl .
the value did not va.n_-y_ when the temp:

WIth bismuth a.nﬁ aﬁﬁmbﬂ"“
g Guri&gim 7&30 inst@@i,

’ "
W .‘*‘1 ok

“.""
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'« the temperature rose® Bismath was submitted to special examina-
. tion, and it wasdound that between 20° C. and the melting-point

.

it_:':‘ 273° C. the value of y was given by

. 10%y =134 [1—000115(t — 20)].

- At 273, C. 10% fell from 0957 in the solid to 038 in the
. hiquid state, and then remained constant as the liquid was raised
~ to 400° C. - - °
' The value of 10%y for water was —0-79.
An easy calculation shows that Curie’s relative values of « for

air, water, and bismuth at 20° agree closely with those found by
- Becquerel and Faraday ; Curie’s values, reduced to Faraday's scale,
~ being 374, —963, and —1830 respectively.
NS Certain paramagnetic substances were next investigated, espe-
- cially as to the effect of rise of temperature. G. Wiedemann* had
. already shown that for solutions of certain salts, over the range
= from 15°C. to 80° C., the value of x agreed nearly with y, = X(1—at)
" and he found a=0'00325 thesame for all. Plessnert also found
- “a constant temperature coefficient for other solutions, obtaining
a=000355. These values, so near to 000367, suggest that X
~ varies inversely as the absolute temperature. Curie re-examined
~ ., the results of Wiedemann and Plessn®r and showed that they
* agreed sery nearly with xT = constant, the law which he had
~ already obtained for oxygen. He showed also that Plessner's —
- measurements with the salts in the solid state agreed with the .
- law. He then showed that the product was constant for proto-
;l;l‘fhate of iron over a range from 12° C. to 108° C., and for

adium over the range from 22° to 1370°. .

- Curie’s law. These results may be summed up in what is

- known as Curie’s law, which states that for a paramagnetic body

- the product of the specific coefficient of magnetisation y and the
5 ahmr:te temperature T 4s constant, each body having its own

- _constant. - P

~ Glass -a_nd’poree]ain, if magnetic at ordinary temperatures,
- became diamagnetic at high temperatures, and if diamagnetic to
with showed stronger diamagnetism at higher temperatures,
iamagnetism appears to approach a limit. This
‘if we suppose that there are two constituents
ic, the other diamaguetic.  We shall then

PO ol » gt ' & S5
RREAE o T z T‘ : . y .
otisi o,g one constituent varying o :

f‘-}' -

¥

nd therefore diminishings
- . - ’ ! fieyS
i y ‘ " , h ‘% SR i




’J -~

as ‘1" rises ; and B the constant dlama.gnetlsm'of the oﬂrer Eonst[tu - '8
ent. As T increases y approaches —B. . *f__*-

Curie also studied the behaviour of iron, macrnehte, and mt.kéi; 2
when carried to high temperatures. 1In the case of iron_ he '.-ﬁ.’.-:-
experimented in succession on three wires, each about Tsem. long, e
and of respective diameters 0°002, 0014, and 0035 em. These j
were enclosed in glass or platinum tubes to protect them from Yo
oxidation and arranged on tke torsion rods«along oy, Fig. 218.
The temperature was raised from 20° C. to 1360° C., and the
field from 25 to 1300. -z

About 750° C. the value of I, the intensity of magnetisation, =
began to be nearly independent of the field and fell rapidly, con-

292 MAGNETISM "“"“{Hy S %

tmumrr to fall to 950° C. Then it was nearly constant, though {‘:
fallmu- slightly to 1280° C. Then it rose slightly and afterwards =
fell again. Apparently at a sufficiently high temperature I—-A:f{ ' :
as for feebly paramagnetic bodies. From the experiments he o
ubtamed the following results for ircn : _ 5
Temperature Field 108y T--n'
20° 25 5140000 . =
20° ¢ 1300 166000
1000° 25 to 1300 976 -
~ Thus at 1000° C. the value of y is independent of the field and

is nearly the same as for air at 20°.* R

Similar results were obtained with magnetite and nickel. -3

Wills’ experiment.f In this experiment a fectangular
late of the substance to be tested was hung from one arm of a
bslance. Its lower edge was horizontal and was between the poles 2
of an electro-magnet as represented in elevation and plan in Fig. 221.

If A is the area of cross-section of the plate indicated in plan
in (), the force on the plate in dlrectmn 2 upwards is

: F= f—\—-—-dr— KA e

where the limits for H are the field at the lower edge and tha.t. at £
the upper. But the field at the upper edge is negligi ble in
comparison with that at the Jower, and we niay Put* n ﬁ* ,
meamred by the balance 3> 8 o Vi T 4

L : - F 2

rAHLET S
~ TR opk O
25 ., ¢ where H is tke field between thg
| | “dummy " plate of plaster of Pans wil

details of the work on iron a& higb-tb}_h
should ﬁsé consultedt s LA
1- Plil. Hag . xlv. (1898).p. m. it

s - e
JL
- -
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two sic s lovmred was suspended in the position of the

te, and a kndwn (.urrent C was sent through the tinfoil strip.

1 of the lower edge was /, the vertical force was CIH,

“the “action on the sides was negligible, being plactlcally
horizontsl. Hence H was determinate bv The balance,

$ - The ~alue of x for bismuth was found to be the same within

. |=’ﬁ::_:’__~:-?__
]
! J-L.
=
h\-.
; rD R T
a e \H‘\‘_____

(a) Elevation

»
. N s [
: (%) Plan £,
T Fi1G: 221.
T the limits of error with fields varying from 1600 to 10,000, The .

- following results were obtained :

106x - £ g

- p —1225 to —12:55 s Nt

L : —-0714 ‘
. ’ : — 0765 L8
. . ‘—‘0'7 o ..'.-_
+1-88 . - Al

BX P! The method was devised to
ids, and was in principle like the first method of
A tall j jar, which could contain the liquid to S
- within a solenoid which servedas .
. middle of this was a sccogdary coll. ;
 prima and a.second respectively in
vanometer with
W .m the gacondary circuit. g =8
| ar -;\o connected up that
currer of;frequency 1' 1
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N turns on the jar-primary and N’ turns in the secondary round it, ¢
and if the area of cross-section of the primary is A ahd its length
2L, the mutual induction of primary and secondary is .

47NN'A ¢ v
% 4

If the jar is now filled with liquid of susceptibility k, and if -
We suppose its cross-section to be A also, the mutual induction is =
altered to

(1 +‘E|-7rrc)4—-———" ‘:).[\ A, S
or increased by
o 47NN’A
: o
The balance between the pair of secondaries will therefore be o
destroyed, and a current will flow through the galvanometer. -l
To measure this increase in mufual induction a third pair of [
coils was arranged, one in the primary .and the other in the s
secondary circuit, so that the mutual induction, always very small, %
might be varied from 0 by an amount wmeasurable from the - E

dimensions and positions of the coils. - This third mutual induction :
was so arranged that it exactly neutralised the current‘due to

-« the insertion of the liquid, and so the value of the increase
47k.4mNN'A /2] was known, and x was determinate. Townsend
showed that Foucault currents in the jar could not have an 3
appreciable effect, A g

The value of 108 for water was found to be —0-77, agreeing

closely with Curie’s value —-0°79. The susceptibility of a salt
sotution in water arises partly from the water and partly from
the salt, so that, if x is the susceptibility of the solution, e
x+ 077 X 10-8 is that of the salt alore. For solutions of iron
salts this was found to depend only on the weight of iron in the
salt and not on the nature of the acid radicle, being proportional
to theweight of iron W per c.c. of solution, though differing
for equal weights in the ferrous and in the ferric salts. The

o Y

values obtained for temperatures about 10° C. were : -

Ee,Clg
T ‘ey(S0),), ; 3
- N Fe (NO,), « ~ax &,
S S : .
Fe,SU“ g

The values obtained for ﬂ_le -‘!”a\f s:alt&

S s 5ame. PR s E

Y All %he salts showed a fall in g

- order of § per cent. per degree
R ‘e. - .‘_l‘ : ..‘:-_.4..";; i FL s

..'.'_ -.T 'I- .

- Ll ;‘ﬂ. -

-

»
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The ausceptlblhtles of solutions of potassium ferrocyanide and
otassium fen'lt.)amde were the same as if water alone were
resent so that when iron is present in the acid radicle it must be
- atleast 100 times less magpetic than where it takes the part of a
~ metal in"a salt.
. S The,paper contains an interesting suggestion. Imagine a magnet
. set spinning about its centre in the earth’s field. T he N pole will
- go roynd the semicitcle on the Notthern side more l‘ﬂpldl) than it
will o round that on the Southern side. Thus the end towards the
Nor&n will be a longer time S than N, and the average effect at a
~ distance will be that of a reversed magnet. If the molecules of a
body consisted of small magnets rotatmﬂ about their centres under
the actlon of a field, the body would appear diamagnetic.
We may note here that iron carbonyl, the llquul compound
. Fe(CO), discovered by Mond and Quincke in 1891,* is diamagnetic.
| Experiments of Fleming and Dewar on oxygen at
© low temperatures. Dewar had already found that liquid

e oxygen was strongly paraumﬁn-:tlc‘[' Fleming and Dewar made
N 5 investigations on 1’r.a. suwoptihlhh The first method { which they
- uged was an induction method in which the primary nnd secondary

coils were immersed in liquid oxygen and then in gaseous oxygen
at nearly the same temperature. But fhis was not so satisf: utorv
B asa seaond method.§ in which balls of silver, of bismuth, of copper,
~ and of glass containing mercury, were wewhui above the pole of_
a strong electro-magnet. When the magnet was excited there

was a change in weight of (xl—x,)\e'Hd?I;I, where V is the volume

* of the ball, , is its susceptibility, and k, is that of the surrounding
medium and x is measured upwards. th field H was deter nnmd
~ for different values of z and for different exciting currents by means

~ of an exploring coil connected to a ballistic galvanometer.

_‘.( The susceptibility of &ach ball was first found by weighing it in

~ ai “qith the current oﬂ' and on, and assuming that 10% for air is

& g‘?the method the silver ball and a glass ball were

L he;fa]so in water with the current off and on,end the

n value gf 10'; for water was 074, agreeing’ fairly with the

“others. The balls were then weighed in liquid

3 n’b—w with the current offand on. The susceptibilities
balls were :e.h,lnatalnt— 182° C., and thus the susceptibility

: found. The mean resnlt was lO‘x— + 324,

o ®



’ " < -

where T is the absolute temperature, “If we a'}s'nflie th ’ﬁt:;"{_:b'.s' olds ¢
when the oxygen is liquefied at — 182°C. or + 91—°-A.__—, an
take the density of liquid oxygen as 1-14, then SERR —'__5;..

. . 3 = e "1

- &
33700 x 114 B % SR
g e S,
IOK_’ 91 ~ _422 8 ";"?.

The change from gas to liquid, then, makes no great change
in the value of . g | g
Pascal’s experiments. Pascal* studied the magnetic quali-
ties of a large number-of solutions, of some liquids, and of some
~ liquefied gases by a method due to Quincke, In principle the vg
liquid to be experimented on was contained in a U-tube with one -5
limb narrow (6 mm. diameter). the other wide (6 cm. diameter). The iﬁ
narrow limb was between the poles of an electro-magnet by which
a horizontal field could be established of any intensity up to many
thousand gausses, The surface of the liquid in this limb was at
the centre of the field and its level was observed with a microscope.
The field at the surface of the wide limb was in comparison ‘-
negligible.  Hence when field H was put on, if the difference of
level in the limbs was &, if x is the susceptibility of the liquid and
ko of whatever is above it, the force per unit area was as in Wills'

experiment : : .

2 ¥ - Vil
(K‘—i\'o) I__:_.

i~

b

But this balances the column of height £ If the density of the
liquid is p, -

s

(x—xo)H? =2hgp.

The actual change observed in the microscope is thﬁt_ of the level f.f;-_
in the smaller limb, say 6. If s be the cross-section of the narrow
limb and S that of the wider, it is easy tosee that & = (S+45)d/S,s0
that 3 : s R

Py 05

© (o A =2 ;‘ pe

To avoid measurement of H, the exp'erimeni;_qu
water with the same value of H. Denoting the suscept

by xy, its density by p,, and the change of level in t
ii,lu‘b by &y el .

s | N . | (5'1 - xn)_Hs' = 2 m&‘glg

)
e s SSUEE A
=

. By division &

.
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~ where \ is given b;f ‘the measurements made. Pascal took x, as
~ — 75 x 10-7 dnd «, for air as 025 x 10-7.  When coal gas ora
- vacuum was above the liquid «, was taken as zero.
~ . Forasolution under air it follows that

R i 4 ‘,
Y ﬂ - i | L&}
; .3' - .q

L
.._ji .'-.- - -
- 2 107 = 0-25 — T-T5\ .

= 'f;__.wl;ile for one under coal gas or a vacuum

T : y

- 107 x = — T'5\.

TR

= If the density of the solution was p and it contained p grammes
~ of salt perc.c. there was p — p of water per c.c. Assuming that salt

~ and solvent each produced its own effect, and taking x as the

~ susceptibility of the salt as dissolved,

\ .: > kp=pr+(p —p)i'5 x 10-7,
Py - The measurement of A, p, and, p therefore gave . For the modifi-
g cations of the method for liquefied gases the original papers should
‘be referred to.
" ® From his results with solutions of salts of iron, nickel, and -
© cobalt Pascal inferred that as an ioy of a ferromagnetic metal
R, gaases into a complex ion or into a colloid its susceptibility
iminishes, and it may even become diamagnetic. Hence the
"~ magunetic moment of a molecule in a given field is not the sum of
. the moments of its constituent atoms, but depends on the grouping
- in the molecule.
S8 With the diamaenetic metalloids he found that the atomic
* susceptibility xa (a being the atomic weight) was nearly pro- -
~ portional to e **#* where a and B are constants for the sgme
~ family. With several diamagnetic compound gases, when liquefied
- he found that xm (m RQeing the molecular weight) was nearly
. proportional to 54 n, where n is the number of atoms in the
* molecule. In diamagnetic organic compounds his results showed B 2
that the different atoms preserved, as a rule, each its own i
agnetic susceptibility, but the presence of oxygen applared to =

ron theory. The following is a brief sketch A o
of the Electron Theory of Magnetism.* b

sinary, imagine an atom which consists of a
re central mass, and a negatiye electron
noon ecircles round the earth. The =8
ve, and the electric lines of force will
it, all the lines directed outwards

vill produce a magnetic 'ﬁeld-,'*.w 1

=

- ot

P %
Al
-

g the orbit but oppnaiu‘.\.‘
. Themagnetimmomentys
‘. u. I 1‘ . 9!:‘#'-:_‘--.

o .

=~ o
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will be given by M = ¢A, where ¢ is the electronic charge and A is
the area of the orbit swept out per second. w2 £

Now suEpose that a field H is put on perpendicular to the
plane of the orbit, and in the positive direction, so tﬁgt if the
equivalent current is going round clockwise in the plane of the
paper, or the electron is going round counter-clockwise, H is from =
above downwards. During the increase in H there s a negative, |
i.e. counter-clockwise., E.M.F., vand this, zu-tfng on the negative e
electron, gives a clock wise or retarding force. When H is established )
the angular velocity in the orbit is less than initially, A is
diminished, and it can be shown that

AM/M = — ¢eHr /47m

where + is the period of revolution and m is the mass of the
electron, Foo _-

Now imagine a more complex atom in which there is a central Ca
body with a large number of electroas circling round it in orbits
with their aspects indiﬂbrentl_v distributed in all directions. On *
the whole the moment of each atom, then, is zero. When,a

> field H is put on, the effect on each orbit is like that discussed =

above, but less as the incliation of H to the perpendicular tothe . =

orbit increases. Those going round one way will hawe their :i.;
positive moments decreased, those going round the other way
“will have their negative moments increased, so that on the whole |
the moment of the atom will become negative. We may suppose

that the ordinary diamagnetic atom is of this type, and the ,g

formula for the change of moment shows that, in accordance with e

L=y

experience, it is very minute. Further, since there is reason to
suppose that temperature describes the agitation of the molecules '
and atoms as wholes and not the motions within the atoms, we -
should not expect diamagnetic susceéptibility to depend on -
temperature. Curieshowed that, excluding bismuth and antimony,
the susceptibility was constant through a very wide range of
tempergture. ' 2 .
To explain paramagnetism, imagine a body to consist of atoms
in each of which the aspects of the electronic orbits are not
indifferently distributed, but that they are grou d more or less
about a particular axis. Each atom, then, will have a m gnetic
moment, like the molecular magnets in Weber's theory. W
theye is na external field and the body is anma
the atoms and the molecules into which they
distributed indifferently in all directions. When
« on, it acts i two opposite ways. In the
ot to decrease each atomic magnetic moment
- v éxplained for diamagnetie atoms. ?fh* > Sec
~* pull the“magneticcaxes into its own line

<+
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‘o greater than the filst and quite masks it. If there were no
. intermolecular afid interatomic agitation —that is, if the temperature
- of the body were absolute zero—the molecules might set under
. sufficient force all with their axes in the direction of H, like the
~ magnets o Ewing’s model. * The intensity of magnetisation would
* then be a maximum and would be independent of the tield when this 3
} ,__1‘ had reached the value needed to secure parallelism. But molecular

.~ and atomic agitatio?—that is, heat—with the resulting collisions,

. produces disturbance of“the axes.
* Langevin examined specially the case of a paramagnetic gas such
&

as oxygen. Letusimagine that we are dealing with a constant mass
~ kept at constant unit volume. Let its moment in field H be M.
. Let the moment be increased to M + dM. The work done from

outside on the gas is therefore HdM. But work done on a
 gas at constant volume goes to increase its temperature. If
~ we keep the temperature constant we must take away heat dQ =

X i . . ;
HdM. But if T is the temps-raturu, d—l'? 1s a perfect differential,
-.H‘-' . .
~ for it is equal to the entropy removed, d¢. Then %I dM is
- °
. alsoa perfect differential. Now the condition of the gas, in-
» cluding the condition M, is a function of H and T’ only.

It follows easily that M must be a function of H

i '1" -
[ H
LU or h’[ _'f(T ).
?E--But as far as experiment has yet gone, when I is constant 2
-~ M «H. -
‘. l. Y : II
" » M a;rf
i, 3 O
AR BT :
' ﬂ";iii,proiiurh tional to the susceptiblity, so that this
t g ries law. This cannot hold, however, down to

. There we shall have a moment M, due L

of all the molecules. But of course the gas e
old_before we get to zero temperature. |, o

1logous d;oithnti; which the mean square of

gevin found that the magnetic suscepti-
he gas constant.
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Onnes,* made measurements at the temperatire ".’i’liq%ﬁid.fhy: :

of the intensity of magnetisation of iron, nickel, and magnetite, and 2
by certain inferences of that of cobalt. At this wmpmtu§ﬁ¥é
bodies might be regarded as saturated, with all the molecular axes
parallel.  Weiss found that the magnetic moment per' gramme-
molecule was very near in each case to a small integral myltiple of
1123:5. This value he termed the magneton-gramme.” He

puts forth the theory that there is in each atoin of these substances

at least one elementary magnet of constant moment and the same =~
for all of them, and he terms this the ¢ magneton.” Assuming ‘j

Perrin’s value 685 x 102 as the number of molecules in the &
gramme-molecule, and assigning one magneton with moment m to

{

each molecule in the magneton-gramme, we have pia
685 x 10%%n = 11235 - .
whence m = 164 x 1022, E, ‘};

The magnetisations of iron, wobalt, magnetite, and nickel
respectively agree with the possession per molecule of 11, 9, 7, 3'_:’_:;'{-‘
magnetons respectively. Using Langevins theory with cerfain
extensions, and assuming that it is applicable to solids as well as to ‘
gases, certain results obtdined by himself and Foéx + on bodies .
above the Curie point, or the point where the permeability falls
almost to 1, appear to fall in line with the magneton hypothesis
on the supposition that the number of active magnetons changes.
Weiss also uses Pascal’s results to show that in paramagnetic
solutions the magnetisation can be expressed in terms of the .
magneton. .- ol - o~

* Comm. Phys. Lab. Leiden, No. 111, p. 3 (1910),
" t Journ. de Phys., & ser. 1. (1911), pp. 274 and 744,
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g CHAPTER XXIII
*  TERRESTRIAL MAGNETISM

The direction of the earth's lines of force at a ziven place—To find
. the declination—To find the dip or inclination—The earth inductor—
e The intensity of the field—To determine the horizontal intensity H—
- The vibration experiment—The deflection experiment—Recording
instruments—Results—=Sketch of Gauss's theory of terrestrial inagnetism.,

~ Ix many magnetic and electric measurements it is necessary to know
* the intensity and direction of the earth’s magnetic field at the
A5 glace of experiment. It is algo of the highest scientific interest to
. # determine the field of the earth as.a whole, in the hope that we
T o mgg answer the questions how and where is the earth magnetised
A what is the origin of the magnetisation? We shall give here
" a brief account of the methods usually adopted to obtain the field
~ at a given place, a summary of the results of observations made at
" the various observatories distributed over the earth’s surface, and
. of the progress so far wade in the investigation as to where the-

. magnetisation resides and how the magnetic field is disturbed. As

® {0 the origin we have at present no theory of certain value.*
= The direction of the earth’s lines of force at a given
. place. It isconvenient to describe the direction of the earth’s field
~ at a given place by two angles: (1) The angle which the vertigal
- plane through the line of force—the plane of the magnetic meridian
 —makes with the vertical plane through the geographical North and
~ South—the plane of the geographical meridian. Thisangle s called
‘Declination. (2) The angle between the line of force and
, horizontal plane. This angle is called the Dip or Inclination,
To find the declination. Let us suppose that wé have a
ass needle with axis of figure coinciding with the magnetic
ed without friction on the point C, I'ig. 222.” If the poles
if the earth’s total intensity 1s 1, we have two
ite forces ml, one acting at each end. 'These
£ H-'_Tﬁa-_.]lcomp(ments +mH, and into

<1 ne

v}

atter will give a couple MV,

3 qﬁm. Brit., 9th ed., vol. xv

nometer,” * Magn«to
1so Bs nqp‘. Laps _.x
T .‘"_ ¢ " {‘T g .

umenta will be found in Gordon’s Electﬂm'tr -"' ¥

PR M. T
results are discussed in tha__t:‘!-}"'
In the
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where 7 is the distance between the poles, amd will tend to make .
the ncedle dip in the direction of I.  But the needle may be kept
horizontal at a place in the Northern magnetic hemisphere egy A
putting ¢ towards the N end of it a distance from G such that if w0 -
is the weight of the needle w.cG=mV. The needle will then

‘\
ml |m\V

m mH

N

remain horizontal even when displaced from the magnetic meridian,
for the only other forces acting on itcare +mH horizontal. When
so displaced these forces will form a couple tending to bring the
needle into the magnetic meridian, and it will ultimately set‘fl:lle
*  there. Even if ¢ is not accurately placed for horizontality, the
needle will still settle in the plane of the magnetic meridian.
Let us suppose that it moves over a horizontal graduated circle
of which ¢ is the centre, and that we know the geographical North
“point on this circle ; obviously the declination is the angle on the
circle between this point and the N end of the needle.
In practice the magnetic axis cannot be made to coincide exactly
with the axis of figure, We may deduce the direction of the magnetic
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~ on the circle.  Now furn the needle over about NS as axis and
~ suspend it with the other face up, and let (b), Fig. 238, be the plan
i" “in the new position. NS is still in the same direction, but AB is
~ thrown as.much on one side of NS as it was previously on the
- other, an the mean of thedwo readings for the direction of AB
. gives the direction of NS, ,
The form of the apparatus adopted in this country is known as
- the Kew magnetomefer. The needle is a hollow magnetised steel
~ tube about 4 in. long aud } in. diameter, Fig. 224, with a very fine

o
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. F1a. 224, g

. horizontal scale on glass at one end s, and a lens 7 with s as its
- focus at the other. It is provided with two points of suspension,
- p; and p,. The needle is hung up in a torsion box by a silk fibre,
‘ presented diagrammatically in the figure. This torsion box is
3 ed so that it can be turned about a vertical axis, easily
ted vertically by levelling screws and a level not sho%n. A
pe focused for a long distance away moves round the same
vided with verniers on arms moving on a horizontal
- First, it is necessary to eliminate the torsion of the
done by placing the torsion box as nearly as possible
an, and then hanging a non-magnetic plumb
‘magnet and 1n its place. *When the
et 1s hung up by p,, and ¢he telescope
re of the scale s, viewed through
¢ if’,is seen on the B

ain e line joining SSRERN |
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is D;.  The needle is now turned over and hyng 'froii:""p,i, and the
telescope is mbved ronnd so that again the centre of 5 ar pears on
the cross wire, and the telescope verniers are again rea.:i ving,
say, D,. The magnetic axis bisects the two directionsgiven%y the
telescope readings, and corresponds to a reading + (D, +D,).

. For simplicity we shall suppose that by previous observations
on the sun some object on the horizon at a distance has bten fixed
on as the geographical South point. 'The telescope is turned so
that this pointis on its cross wife and the verniers are read, givinga
mean reading S, say. We have then the declination given by
D, + D, S Tl e : - : =
A € nstrument is provided with apparatus by

which a sun observation may be taken and the reading of the South
point on the circle ¢ may be directly determined, but into this we 2
shall not enter. The determination of the declination by different =~
instruments * may differ by several minutes. ;
To find the dip or inclination. The ideal apparatus for
the determination of the dip would consist of a needle with itslong
axis of figure coinciding with the magnetic axis, and able to move «
freely round an axis through its centre of gravity, this axis being -
«  supported so as to be horizontal and perpendicular to the plane‘of
the magnetic meridian. A, vertical divided circle would be placed
in the magnetic meridian with its centre in the axis of rotation *
of the needle and its zero reading in the horizontal through that
axis, the ends of the needle lying just in front of the circle.
The reading of either end of the needle would then give the dip.
In practice, of course, these ideal conditions are only more
or less nearly approached. The Kew Dip Circle consists of a
*  vertical circle contained in a rectangular box which is glazed front
angd back, and it is mounted so as to turn round an axis which can
be adjusted to be vertical by a level and levelling screws. There «
is a horizontal divided circle round the axis which gives the azimuth
of the vertical circle. The vertical circle, shown without the box
in Fig. 226, is divided from 0° at the ends of the horizontal diameter

s RS
a ,: '}"

FI1G. 226. _

to 90° at the ends of the vertical diameter> The nged]é, Fig. 205, |

a flat plate of steel from 8 in. to 6 in. long, with shmP lypqntui_. o)
pain and an axicis fixed as nearly through the cgntre of gravity as |

‘ ~and perpendicular to the plate. “This axis is a thin cylindrica
= rod projecting on both sides of the plate, and is as tru
. section as it cay be made. Almost level with

vertical circle are two horizontal and par
‘Which the axis of the needle itself can ro

R * Thorpe md*llagku;f’i?&il'_,

. . o ™ . N AT F s [T L =
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ax bemg ]eve'l wﬁh'the centre of the scale. The needle when in
osi on moves in a plane midway between the agate knife edges.
cross arm provided with verniers and two microscopes
ticrms wires in their fields of view can be turned round till,
:, e eupper end of the needle is on the cross wire of one
m;mmscope and the upper vernier is read. The cross wire in the .
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R Diagrammatic representation of the Dip Circle.

—Nr'.'w'
3 aﬂler microscope is then brought to coincide with the lower end _

; ~and the lower vernier is lead The mean reading gives the -

~ position of the needle on the scale. :

& "When an observation is to be made, the axis round which the A
ip elrcle rotates is madg vertical and the needle is put on to ;
arings, which are then lowered so as to leave it on the knife edges.
' se that the dip circle is already a _]lht(‘(] in the mec
‘meridian, and that the face of the instrument is East. The

1 of emh Elld of the needle is then read. The mean of

‘ du&to a small error in the centering of the
NS, Fig. 227, is the line thwup;h the ends of the

: mt_ through the axis of the circle, draw N'S

gn A the horizontal through . Then

H'OS = HON" — NON' 4, H'OS" +
e mean of the readings for N and S

set—-that is, the mta
'Ehe cn'cle wit
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Considering this error to exist alone, if ZsFig. 228 R,

s t

cCond position

F1G. 227,
. y Ix >4
much below H as Z is above it, so that NZ + NZ” = 2NH, and
. the mean of the readings eliminates the zero error. i
The axis of figure of the needle does not in practice coincide
exactly with the magnétic axis. To eliminate the ervor thu
: N
L
&~
M ¢ Fra.228, = A
b Er produced the needle is taken up and its face
s positions of the ends are again read. Then, as with
o needle, it is easy to see that the mean of the r
e face of the needle West and with its f
e ‘position of the magnetic axis. At

. error due to the centre of gravity lying
~« will be very ngarly corrected. For
~ of gravity and O the axis of rotation
~ ‘the momentof the weight of the needle
to the saoments of two equal wei
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rror due to__;;f component of the displacement of G perpendicular
* tothe axis is elininated on taking the mean of the readings before
. and after turning over. The face of

- the instrument is then turned round °
~into its @riginal position fading East,

s  and the _positions of the ends of the
~ needle &re again read. Denoting
~ the aspects of the *face of the in-

~ strument by E and W 4ind those of

. the face of the needle by e and w,
. we have to read each end in each of F1a. 220,
~ the four arrangements Ee, Wi, We,

-+ Ew, and the mean of the eight readings taken eliminates the errors
- so far considered.

' - Téhere is still outstanding the error due to OB, Fig. 229, the
& eomponent of the displacement of the centre of gravity parallel
8 to the axis. To eliminate this the needle is taken out and its

_f_'f assumed that the magnetisation is exactly reversed—an assumption
* quite certainly not fulfilled, but it at least gives us a method of.pro-
* cedure which tends to diminish the error. Bisnow thrown as much
. above O as it was previously below it, wnd going through the four
& cases aggin the mean of the readings with the magnetisation direct
- and reversed gives as good a value of the dip as can be obtained with
. a single needle. It is usual to find the value with two different
~ needles and to take the mean in the hope that it is nearer the true
- value than that given by either separately. In this country, with
= a value near 70° skilled observers may obtain determinations with
- different needles differing by one or two minutes, and different
~ instruments may give results differing by quantities of the safhe
- order. 'tas
- We assumed that the observations began with the circle in the
netic meridian. To make this adjustment it is usual to set
eroscope verniers at 90° and turn thecircle facing S till the
if the needle are on the cross wires. The position en the
ital circleis thenread. Theneedleis then turned round and

cle is turned round the vertical axis till the microscopes
e needle-ends on Lhe cross wires, and another reading
cirele is taken. The dip circle is then turned
ce North, and the operations are repeated. The
ngs ony, the horizontal circle then wives the

'whigh the plane of the circle is perpen-

gnetic meridian,
o which

' does
W,

AT

:_’E magnetisation is reversed bvdhe method of divided touch. It is:

ch the magnetic axis of the needle is

' ;fﬂrin‘thngplnne she vertical force =
s __t_,ben_ turned throng'-:'
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Suppose that the dip circleis in a plane mal‘ing anunknown ang!e

0 mth the magnetic meridian. If H is the horizbrital intensity in

the mendlan, the effective horizontal intensity in the plane con-

sidered is H cos @, and if 8, is the dip observed when the needle is

free to move in this plane, and if D is‘the true dip, . AR

L 5
ikl gos 0 =cot D cog 6. - :

cot 8, = v

3

The circle is now turned through 90° about the vertical axis and
the dip d, in the new position is observed. Then

? cos (A—90)=cot D sin A | g

cot 4, =
and cot?d, 4+ cot®d, = cot?D., whence D is obtained from observation ‘
of ¢, and b 4
The earth inductor. Thereis a totally different method ot
obtaining the dip—the earth-indu'ctor method. It is emplosed
at some observatories and appears likely to come into general
use. The principle may be given thus: Suppose that a goil
in the form of a ]alge ring “has total area A, counting the
areas of all the turns. I%t it be laid flat on a horizontal tables 1
and be connected to a ballistic galvanometer. The tvtal flux =
of induction through it is AV, where V is the vertical intensity. é
Now let it be turned over sudden]\ so that the other facé of the e
coil is on the table. The change in induction is 2AYV, and the
throw of the galvanometer will be due to a flow of e]ectnmtv -
pmpm tional to 2AV. Say that the galvanometer gives this flow q,(
s Q, coulombs. Now let the coil be raised into the vertical plane 2
pel pendicular to the magnetic meridian, The total flux throuﬁ,__
it is now AH, where H is the horizontal intensity. Now let it 2
turned quddenl\ round a vertical axis through 180° The change
in induction is 2AH. Say that the galvanometer uldlca.tesm.ﬂolg
of Q, Loulomb- Then '

f
e
-

The intensity of the field. The total mtedsitx
determined directly. If H is the hmlzontal mmpunmt-\ng_
¢he dip, $1=1cos D. The value of H % found
easily and much more exactly than I, and if ?s-'
deduced if needed. But in almost all cases w

To determine the horizontal
horizontal intensity is determme& b
‘scparate experiments. By one,

the. ma.gnet used. %

.3%
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+ ment, we ﬁntf‘the raso of these two qllalltll'.l(-‘.‘a The two result
~ ¢ombined gwe . ue H, and incidentally M y
¢ '-'L'ha Vlbmﬁon experiment. If a magnet of moment M
snded =0 as to be horizontal and is displaced through 6 from
-_f_r. ) .-magnetlc meridian, it iseeasily seen that the magnetlc couple
- tending te restore it to the meridian is MH sin 6, or, if 8 is very .
.smilt it 9s MH#, and we shall have a simple harmmm vibration.
K is the moment of inertia of the magnet and if the magnetic
.! conple alone acts, the time of vibration is

or MH—_-—T—._,-- :
To ﬁnd K, a non-magnetic bar of calculated moment of inertia B
' " 1is atta.ched to the mmrmt and the new time of vibration 1"
~ observed and E

by,
e '1v=2 l\+B

- MH :
= or \1H="’_’iﬁ—:‘-§"—B).

eqmtmg the two values of M H we obtain
K B
\ ‘“_'d K~ BT

rlvz CJ-‘. L .

¢ v:brnh{gn ug&nment is carried out by suspending a needle
- - eclination experiment in the same torsion box,
mmm needle, however, is provided with a holder
orrect ons, into which we shall not enter, are rgade for
: le dueto the thread, for the arc of swing
,and for the change in the magnetic
ature and for its increase due to the e
by the earth’s field. S
exy orl.ment. In this experlment the T 1=
previons experiment is seteto deflegt i o
ridian. '.l’he general prmclple of the

230, is  seteend on, B or W 72 gLt Y
ﬁ given by (P 215 R f‘ =¥
e e l}‘?:._{ e -"

".-- "'r'l'- . »
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where d is the distance of the centre o 1
the deflected needle, when we neglect small quant
observe 0 and mggsure"d, we know -'-tl}e-; mﬂ_g%?

. M T an g
: S T

Multiplying this by th result of the vibration experiment and*
taking the square root, - A

. _ S
_ 2 2K TR -
o T Y @ tan 6 - Vs

Or another procedure may be adopted, and this is _the mo
usual. The deflecting maguet, always in the end on position, is =
. - i !

e P .
- -

F1c. 230. o uﬁ &
" turned round the centre of the deflected magnet until thelt;
is in equilibrium and at right angles to the former. “Then f;

B s o abat ﬂmanglea '
d, 58 rglfgnet has been turned .i%una,l?gwe‘g :

il o AR

i
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~oIn using?ﬂ_ggﬂmt ‘method, a graduated horizontal cross bar
about a metre ®ng is fixed at right angles to, and just under, the
don box. A earriage slides along this bar to carry the deflect-

-

='-:_J$-@r.-- and the distance d is read on the scale of the bar.
S Lo.measure 8 a short magnet provided with a mirror is suspended
e  in-the torsion box of Fig. 22% to serve as the detlected magnet. .
A teleslope with a scale attached replaces the telescope used in
- the declination experiment to fix, the position of this deflected
- magnet. The deflected magnet is first suspended and its position
" isobserved when the deflecting magnet isnot acting. Thereading
. of the horizontal circle at the base of the instrument is also to be
~ taken. The deflecting magnet is then put in position at a distance
% _indicated as d on the bar scale and the instrument, with the
~  telescope, is turned round until the deflected magnet appears in the
', same position in the field of the telescope. The horizontal scale
I at the base is again read, and the difference in readings gives
i the deflection 8. If the observed d were the actual d this would

e

. suffice in so far as the simpleormula holds. But the centre of the
~ ® magnet may not coincide with the index mark on the carriage.
% The deflected magnet is therefore turned end for end. The deflec-

- tion is now reversed and the mean value eliminates error of
s centering of the deflecting magnet. The graduation of the bar

~ may ngt date from a point exactly under the centre of the deflected

¥
b

'gllngnet. The deflecting magnet is therefore moved on its carriage
" to the other side of the bar to the distance marked as d, and the
~ deflections are again taken with the magnet in its last position on
. the carri and when it is turned end for end. We have then
- four values of the deflection, and the mean eliminates the errors
-"'" con idered. E!
T _ 2
.~ But the formula for the deflecting force %\51 is only apprdxi-
i = ?

| \' A neamr apprbxi!(lation is given by *
T T AN oM ( P)
y .H"‘. x : :

e

ds on the distribution of magnetisation along the
“eliminate P by taking another value of the
jother distance d’ and it is easily found that

S =adr). e a
- | 11 L

a minimun if the value

l_...'.

5
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Values frequently chosen are d = 80 cm. asd d’ — eIt T

Corrections for temperature and for magnetismeinduced by the

. earth in the deflecting magnet must be made, AL

Dr. Chree has shown* that the approximation represented by

the factor 1 + P /7% is not justifiable cwith the magnets usually ]

A employed and that another term, Q /r*, should be taken into account. - .
The reader is referred to Dr. Chree’s papers for a discussioh of this
point. y .

The value for Hin this country is in thesneighbourhood of 0-18, %
and different instruments may give values differing by as much :
as two or three units in the fourth place, say by as much as 1 in
1000 of the whole. 4

In the regions near the magnetic poles, i.e. the two points [
where the force is vertical, the horizontal intensity is only a small '
fraction of the total intensity and too small fo be measired
accurately. Special instruments which we need not describe T have
been devised to measure both dip and total intensity in these regions.

Recording instruments. Resides the instruments which
give the absolute values of the magnetic elements, it is usual to «
equip magnetic observatories with self-recording instruments which

«  register continuously the small changes which are always occurriig
in the direction and intensify of the force. For this purpose three
magnets are used, one to record changes in declination, another
those in horizontal intensity, and a third those in vertical intensity.
N satisfactory self-recording dip instrument has not been devised.
Each maguet is suspended in a dark box, and is furnished with a
mirror which reflects a small beam of light from a lamp on to are-
volving drum covered with sensitised paper.f Each maznet issur-

: rounded with a thick copper ring to damp its vibrations. The
declination magnet is suspended so that it is free to set in the ;
direction of the horizontal component. The horizontal Lfor@tfa
magnet has a bifilar suspension, and the toriion head is tnrned
round so that the magnet is at right angles to the average magnetic
meridian, Let Fig. 232 1'epreseu% a pla?:l. If H changes in directi
only and not in magnitude, the change being through the sn

_ angle ¢, we shall have H sin ¢ along SN with no turning eff
) = 4 . and H cos o=H (1 —-%:) perpendicula_r to NS . therefom!:iliémo:

on the magnet is decreased by MH % which is neglig
small change in direction is, thereforg, withou
changes in magnitude, say from H to H+6H, the m n

+w S T el R SR
& * Proe. Roy.'SocIxv. (1899), p. 375; Phil. Mag. |
b s . 118, S ey b o S
- p..*l' See Walker's Zerrestrial and Cosmic

Recent forms are described in Vational

"1 < TRoyal Sacidby, 1909, v.
VS -"I'-Ifqrdaﬁa’ili-guam
: R 'I.r‘_ =

o - - -_;._
- > \"i-' | e
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53 magnet increases b M¢H, and this is indicated by its angular
s 1 ment. © . |

- The vertical force magnet is provided with a knife edge at
| ;iﬁ centred resting on a plane, and is so adjusted that with
~ the avefage vertical force it is
~ horizontal. It is practically a
~ balancearm. If the vertical com-
. ponent changes, efther through,
~ change in direction or magnitude
~of the total intensity, the magnet
~ tilts. Special methods are
~ adopted to calibrate the records
« on the revolving drum (Ency.
w - Brit.;lc.). 5
& Results. Observation shows that the magnetic elements are
~ subject to continual “disturbances.” On quiet days, in this
- country, the disturbances in the declination are not usually more
~ than a few minutes. There ase days on which the disturbances are
i greater, and sometimes are so large that they are described as due
~ to magnetic storms. But it is very rare in this country for the
~ range of declination to exceed 5°. When the value of an element
3 for each hour of the day is averaged fo a large number of days, it

N S
: ]

H

- ——— -

—d

F1a. 232.

- J'_ 3 LI -
e, B
% ‘;Lk‘; 2 any
e +6 .
st g
oy +4
. "‘. - X
il = + °
' 4 .
3 *2 -
Jf [ .“' " r..‘, " ‘
‘._ aigh g ol
3 ¥ oo e o 4 g
[l q-‘*- = ¥ -'.
9 : 29
"'1_' 4 RN _:' i J ’? ’
!‘."’& . .i%.-'_;’ . ~‘-5 °
e Tt W
. = ) _a;‘
W nal " e
- S Y .r:' # ! R
.'I.hillt % o ; KEW
RERREF ¥
l‘ & . . .
m' A o
" Dotted line, winter.® “
T
B+ 1% .&mhtr



%

314 MAGNETISM . g o o
represented by Fig. 233. There is also a smdﬂ annuul)nequaht&’

and probably a very small lunar inequality. |
It, instead of considering the actual value of an element tbe

amplltudcs of its range are plotted, it is found that thert is a con-

nection between the range and sunspéts, the range mcréasmgas

i
o=

d»
Jt.‘“

'L

g
g.

: the area of the sunspots increases,* -“f“}_
In addition to these changes there is a secular change Tha _
secular change in dip and declination is wetl represented by ;‘1
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method due to Bauer. Fio. "34 gives the chano‘es in the dec]mag-
tion at London since 1580.T7 ot
These secular variations make it necessary to take a pﬂ.l‘hclﬂm"\
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i )and the lines %f equal dl for 1876. It will be seen that
- are twe pules or points of 90° dip. That in the Northern

“He phere in nelghbourhoml of lat 70% 5" N. and long.
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e
gﬁ’!ﬁ"ﬁf was reached in 1831 by Captain James Ross. In 1903
ﬁ& ion was again visited by Amuirdsen, who made a stay ot*
 years, carrying out an extensive magnetic survey there. The
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316 M AG\IETISM

Fig. 238 those for equal dip or ISOLllnlc lmes for 1876' "‘he »
ﬁguncs on the right ot Fig, 238 are the tangents of the Fip. - SN
Several careful magnetic surveys of limited areas on the earth’s
surface have been recently made. Thus, Thorpe and Riicker
made a survey over Great Britain and dreland in 1891-92y* finding 5
various local deviations due, apparently, to the presences of

magnetised rocks. Some .of these devmtlons could “ascribed .

80

.

to the known presence of such rocks, and from others the sub—' S
terranean existence of magnetised matter was inferred. -
Sketch of Gauss's theory of terrestrial m@netlsm
In 1839 Gauss published a paper on the General Theory qf‘* :
Terrestrial Magnetism,t in which he investigated a formula which ﬁ o
_should represent the carth’s field at every pomt of its surface.
~We shall give only a brief account of tl} ples of the theor
The original memoir is well worth stud ¥s not ‘only for
subject-matter, but for the admirable introduction whlch-'
to the use of spherical harmonics.
Lettus assume that the earth is a s here and tha.t'ﬂ;s‘
field is due in part to magnetisation Wlthln thgsurfn&}
to magnetisation without the surface, and m
currents which lie wholly within or wholly with
These electric currents may be replaced by mh@‘ t
so that the field may be re rde<F as due to a de
of wmagnetism. This d:stnbutxon will - 'h'iiﬁ: ap

V= / d:" where dm is an element ofm

from the point cdnsidered, and Vo

S PRt AL ol c!;nﬁip: (188
1 Werke, v, p. ¥10;
Wﬂ*lmlg 223, a brie




TERRESTRIAL MAGNETISM 317

~ at pach point on thesurface. Phis would not be true if currents
" existed passing through the surface. For in order that the
~ potential shall be definite the work done in carrying unit pole
- from one point, A, to another point, B, must be the same by all
~ paths, @, what is equivalant, the work done round any closed
g:ﬁh ABA must be zero. Bat if a current C passes through
" the aresenclosed by ABA, the work done round the path is 47C,
~ and this work wil be different, for different paths enclosing
- differént amounts of carrent. Hence the work from A to B is
" indefinite and in this case there is not a potential *
- Let us first consider the distribution of magnetism within the
* _ surface. Let R be the radius of the earth, » the distance from the
-, earth’s centre of a point P outside the earth, ! the latitude, and A
. the longitude ofy the point of intersection of r with the surface.

“Thesp it can be shown (Gauss, L¢.) that the potential at P may be
‘put in the form of a converging series : ™

3

R* R?

R
V=B, 4B, + B,

= i e @
T ?
'wﬁere B,, By, B,. &c., are certain functions of Z and A known as
., spherical harmonics. The general forlg of each of these functions
~ s knogn.f If the order is designate by the suffix, that of the
~ nth order B, contains 22 + 1 arbitrary constants.
"~ At a very great distance from the earth the potential tends to a
R M_c;s 9, where M is the earth’s magnetic moment and 6
'&e _ang]e its magnetic axis makes with ». The first term,
'!' ,,lmlst, therefore, vanish, or B, = 0; and it is easily shqwn,
‘00 that in the second term B, = asinl 4 b cos/ sin A + ¢ cos lecos A\,
'R’ ) t he..equ;l to Mcos@: a, b, and ¢ are constants
z on the position of the magnetic axis.

ob us consider the distribution without the surface. It

_.-;" potential within the surface may lec put in

converging series :

S i
ey . _ 72

":_l,ierieal harmonics, bu® with arlai-

- in Q"&c‘

e V“'bﬂll.f=0-
T e

V_is the potential ', S et
BEing. .‘.I:'.-.':." R . >
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e ?_—.‘:. oy R
= : b
.-‘_ﬁh ‘_.’:;:.:{;‘;
constant, it may be omitted, for" in detem-lmng ﬂ:e q?nrm
differentiate V. ' S .-,«,_,..:

If we suppose a thin shell found the ST e, the enrth tobe
free from magnetism, within that shell the potential wilbbe the sum &
of the potentials due to extern 11 and iaternal magnetrsm v Then-?’,,‘t'*r':

‘ &ed
= ‘ == z\ — 5 2o - --_-': .:‘;‘-'.:g-_ﬁ.

0 R + A R + AQRS + : o ‘:*g;:

2 R . - Wl :L’

godrlue mRaiats ol

TAY B s

The intensity in any direction s is _Ld-x_- If 5 is drawn i m the e

geographical meridian towards the North. ds = Rdi. Let the }"E
component of the horizontal intensity in that direction be X. Ir .
s is drawn towards the geographical West, ds = R cos Id\. Let the 5
component in that direction be Y. If s is drawn vertically down- 5
wards, ds = — dr. Let the verticaliintensity = Z, : :

r = e 1 d‘ S h _ e ‘:__;
: T'hen > =g 5 LS
‘f S 1 d_\_’ e -; : .' 2
= RSN’ oS S e
dr’ L
: Gauss began by assuming that the earth’s ﬁeld is entu'ely dne
. to inside magnetisation, and that the series converges so. rapldly
that the first four terms are sufficient to express V So that i ah
V= Bl ,2 +B +B +E;-’3- 2 . i

B, contains three constants, B, ﬁve, B, seven.
t“enty Your in all. Tt must be noted that though
depend on the internal distribution, they teildlsnoth
distribution, for a given distribution of ﬂfei'na! pq
produced by an infinite number of different arra
netism. To dctermme the constants :t won

- evactly. But, of course, them are en :_f_f;' i

- observation,but also ofreductmnto_ e same
AR e g S TR in seven different 1
- valuesofthe tweﬂty-fourmnshm '
. _andZat the sta.tlons -He

AR
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&.. ¢ much gitater than the errors of observa-
A Wﬁh&m Memoirs, vol. ii., will be found:maps
- the lines of equal dip, equal declination, and equal total
-~ according to Gauss's formula. Considering that the
itjoms could not all he correctly reduced to the same epoch,
se lines show a remarkable agreement with the observed lines
| juslafy the preliminary assumption that the earth’s field is, at
" any rate, mostly dug to internal magnetism. Subsequent recalcula-
tion of the constants * has tended fo confirm this assumption,
~ Gauss himself suggested that the disturbances of the magnetic
~ elements might be treated in a similar way, and that it might be
~ shown whether they arose from internal or external changes in
" magnetism. Schuster + andertook such an investigation on the
~* diurnal variation for the year 1870. His work led to the con-
~ ¢lusion that the variation was chiefly © due to causes outside the
earth’s surface, and probably to electric currents in our atmosphere,”
and that * currents are induced in the earth by the diurnal vara-
_ tion which produce a sensible effect, chiefly in reducing the
- amplitude of the vertical components and increasing the amplitude

iof“lhe horizontal components.”
<@ _ ,

- %o * Ynoy. Brit., 10th ed., xxx.-p. 462 ; 11th ed., xvii. p. 38L
o o t Phil. Trans., A, vol. clxxx, (18897, p. 467.

il



CHAPTLER XXIV - 7
MAGNETISM AND LIGHT

The Faraday rotation—Faraday’s successors—Verdet's constant and its
variation with, wave length—Effect of rige of temperature—Abzolute ;
values of Verdet's constant—Rotation by gases—Rotation by films of iron, o
nickel, and cobalt— Representation of the rotation by two equul circularly =~ =~
polarised rays with opposite rotations travelling with different velocitis T
—An electron theory of the rotation— Confirmations of the theory—
~Magnetic double refraction when the light ray is perpendieular to the
lines of force—Voigt’s theory—Magnetic double refraction in colloids—
Magnetic double refraction in pure liquids—The Kerr magnetic effect— i

aa\mg' %7 have long held an opinion, almost amounting o con- "_;»1
viction, in common 1 believe with many other lovers of natural I&
‘knowledge, that the various forms under which the forces of nlatter 34
are made manifest have one common origin ; or, in other words,are k
so directly related and mutually dependent that they are conver- Q
tible, as it were, one into another, and possess equn el uf power ¢
in their action.” * a"i )
v“He then states that this persuasion had led him formerly to £ .
make many unsuccessful attempts to obtain ‘the direct relation nf 3
light and electricity. Recently, however, he had succeeded in
& magmtwmg and eh'ctnf ying a ray Hf light, and in illwminat
magnetic line of force,” a picturesque description of the fpcj:'
ray of plane-polarised light travels through certain su stanc
the lines of force in the held of a permanent m
solenoid through which is passed a current of electr:
of polarisation gradually rotates as the ray tra:vglﬂr )
The first substance which exhibited thegﬂ’aul
glass, asilicated borate of lead which he had ma
A late ofithis glass two inches square ‘gnd ha
polished on its narrow sides and pla
electro-magl’xet in such a positic
lines of force' wept, as nearly a
inches of glass from one m_de,
Argmld burner was ‘made to

The Zeeman effect—Lorentz’s theory—Zeeman’s verification. . <, :

. 5

The Faraday rotation. Faraday opens his paper descr‘fb- 3
ing his great discovery of an actwn of magnetism on llght by$-28 -

™




"MAGNETISM AND LIGHT 32

2 angle and then passed plane-poraustd in the horizontal direction
- through the glass close to the poles and in the direction of th
lines of force. It was then received through a Nicol prism into
_ the observar’s eye. 'The prism could be rotated about the ray as
~ axis, ance the rotation couldsbe measured.
e« Before the current was put on, the Nicol was turned into the .
romtlon‘bf extinction. On making the current the field of view
ighted up. If theeNicol was thpn rotated, a new position of
g 1h,exl:mchcm was found ehowing that the llght was still plane-
arised, but that the plane was turned round into a new position.
{e found that there was no visible effect if the magnet were so
P - turned that the lines of force were perpendicular to the ray. The
~ o fields produced by a permanent magnet, and by a helical coil or
: "": solenoid in which an electric current flowed, were effective, and as
far zs he could estimate he found that the rotation with a given
length of glass was proportional to the strength of field, and with
different lengths of glass proportional to the length. He examined
. a large number of substancej besides the glass, and found that
. many exhibited the effect, such as flint and crown glass, water and
'*-‘L: aleohitl. The solenoid arrangement was useful for the liquids,
- which could )be enclosed in tubes with glass ends, placed along the -
- axis of the solenoid. It was this solenoid. methnd in which an electric
4 cnn'ent.was effective, which led Bim to ha\ that he had electrified a
rgrof light. Wifh optically active bodies such as tur pentine or
he found that the magnetic rotation was merely added to or®
o ted from the natural rotation according to its sign. He
~ was unable to detect any rotation in air.
'-" . In every case which Faraday observed, the rotation was in the
| ion of the current which would p:mluu: the lines of force, if -
rine them due to a solenoid surrounding them. Thus if phe
: foree are supposed to come out from the paper to the .
: -s eye, the ereating aurrent would circulate counter-clock wise,
nat Tﬁld be the direction of rotation of the plane of polul’l-
rohtlon would be reversed if the lines of force went

P? have shown that all substanceS which
theFara.da effect, and for the most part with
-,- sct onwhlclrhe obsers ed and which is described .
of iron and some few others, though not salts .

bit a negative rotation. The d1stmctmn T
e distinction of paramagnet and dia-

%

-

1‘

pant eobalzh thof h enormously Pam- D
: great majority of diamagnetics ingiving &
J gnt!tanmm glves B o s b

“& Lt de 0
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handed ™ or clockwise in a ray coming tothe observer. Lt is o
therefore counter-clockwise to him in a ray goirtg from him. So
that if a ray is sent along a solution from the observing end and
then reflected back to the observer the rotations in the tawo journeys
are opposite and cancel each other, and the ray emergéstfolarised
parallel to its original plane. But with a “magnetised ray sthe
rotation is always in the direction of the current whith would
produce the lines of force, so that for each Jaurney along a line of
force the rotation is increased by the same amount. ” Thus Faraday*
found that the rotation for one passage through a piece of glass
was 12° but on reflecting it to and fro so that it made five passages
the rotation was incregsed to 60°, _
Faraday’s successors. Faraday does not appear to have s
made further experiments after the publication of his paper, his
attention being called off by his investigationsinto paramagsetism
and diamagnetism ; but the subject was pursued by many workers,
E. Becquerel was the first to observe that different colours were
rotated by different amounts, red lesst, violet most—a phenomenon
known as rotary dispersion. By making the magnetic rotation *
““left-handed ” and then passing the rotated light through a sugar .
tube of suitable length to neutralise the rotation for one coldur,
it was neutvalised for all as nearly as he could judge, or the _
magnetic rotation was proportional to the natural rotation for all A
colours. G. Wiedemann used different parts of a solar spectrum as -4
“the source of light, asolenoid to produce the field, and a tangent 'ﬁ

!

galvanometer to measure the current. He was thusable to show that:*<28
the rotation was proportional to the current, and therefore to the
field intensity within the coil. He found that the magnetic rotary -
dispersion of carbon bisulphide, for instance, was not very far from
baing proportional to the natural rotary dispersion in a sugar
solution but yet sensibly different, and it was not far from b i T
inversely as the square of the wave leagth, though again quite
sensibly different. SRR Sl 3
Verdet’s constant, and its variation with w
length. Verdet{ made a long series of experiments on v
substances with an accuracy probably superior to th
up to his time, and he proved conclusively tha.i: the
per unit length of a substance traversed is propo
component of the intensity of field in the direction
then, ds is an element of the path of the ray
and the igtensity H makes an angle 8 with d
the plane of polarisation between s=a a
in minutes of are, is - e
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< whare C is a constdft for the substance for the particular. wave
e length used. 1 is known as Verdet’s constant, though it might
. more appropriately be named after Faraday. If VY V,, be the
- magnetic potentials at the beginning and end of the path con-
sidered we may put R in minutes = C (V,—V,). a concise form of
¢  expression, though the integral form is the one practically useful,
o Verd®t worked before the value of absolute units was realised,
- and he was content fo express the wnstant of a substance in terms
of the constant for watet. Taking the rotation in water of licht
- at the E line in the spectrum as 1, he found the rotations of the
- light of the various lines as follows. Underneath are the rotation.
~  which would have been observed if they had been inversely as the
-« squares of the wave length.

-

e i

35 - Warer

v Lines in spectrum C D E F G
E e Gbsened rotations ()'.(j:} 079 1:00 1213 1:605
g Calculated from 1/A2  0°64 080 1:00 108 1-:50
. k

5 ~ &For carbgn bisulphide, creosote, and various other liquids the
t dispersion is about as near to that calculated from 1/)\? as in the
' * ease of water, departing as notably fi8m it as the wave length
-~ diminisfies. g

»lxll

-

W

"!.f the substance examined absorbs the light of one particular®
_wave length there are peculiarities in the rotation, which were first

~ predi from theory, and which will be more appropriately

- deseribed when we discuss the theory now accepted.

‘_ ;.r"_ - Effect of rise of temperature. Bichat was the first to

~make a careful examination of the effect of change of temperat@re

~ of the Verdet constant, and he found that in general the constant

ens as the temperafure gises, though bis numerical values have

confirmed by subsequent workers,

lute values of Verdet’s constant. The first
of the absolute value of a Verdet constant was

* for sodium light in carbon bisulphide,

3 nother determination of the same constant

ayleigh.+ He used a coil with a known

ding a tube of known length containing

rent was measured by a potentiometer

F. of a Clark cell. If the tube had ex;

d the coil at each end the difference
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Lo ges A |
shadow ” method,* on the general principle wow always adopted in .
polarimetry, in which the field is divided into regions with their
planes of polarisation slightly inclined to each other. The -
sodium light used was polarised by a Nicol. It then passed _
through a cell containing sugar solutmn, but a plate of glass was
immersed in the solution, and placed so that one half of the beam
passed through it, while the other half passed by its edde and so
through an extra thickness of sugar solution. *This half of the beam
was therefore a little more rotated than the half passing through
the glass, and when the beam emerged from the cell its two halves
were polm‘ised in planes making a small angle with each other,
Then the beam passed through the tube and into the analysing
Nicol in front of the observer’s eye. The observer either focussed «
his eye directly on to the edge of the glass plate in the sugar cell, =
or viewed the edge by a Galilean telescope. To understasd the
method let us suppose that, to begin with, there is no current in
the coil. Let OR OL, Fig. 239, represent the equal amplitudesand

A !

C
L o :
I
)
i
v NP
Fig 239.

“ =

the directions of vibration in the two halves of the field of
The angle ROL is greatly exaggerated in the fig T At X
more than 2 or 3 degrees usually. Let the analysing Ni
turned so that it extinguishes vibrations in fthe
ihe bisector of ROL. If MON is perpendicular to OC, a
RM LN are perpendicular to it, the analyser, when
it would extinguish vibrations along OC, adm
OM ON from the two halves of the field.
. ¢hrough 4 small angle so that the vibrations
Fig. 240, it, is obvious that there will be
illumination of the two halves. 1
" for equality af illumination
accuracy. When this has

& _so., j'.lmtll | %hqmgg

o
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<« ands OL will be eqtelly ‘rotated, and the analysing Nicol must
" be turned through the same angle to secure equality of the' two
~ * halves of the field once more. The angle is read on a divided
"« circle with avhich the analyser is provided.
'~ The «esult which Lord Rayleigh obtdined for the Verdet
ls  comstant for sodium light for bisulphide of carbon at 18°
- measured in minutes per unit difference of potential is

R 0-04202.

~ _ Rodger and Watson* made determinations of the Verdet con-
" stants for sodium light in carbon bisulphide and in water over a
~  range from 0° C. to 40° C. for the former, and over a range from
~ * 0° C. to 100° C. for the latter. "Their values for the constants
~ were: for carbon bisulphide 0-04347—737¢/107, and for water
=5 0:01811—4#/107—4 2/10%, Their formula for bisulphide of carbon
~ would give the value of the constant at 18° as 0°4214, which only
differs from Lord Rayleigh’s value by 1 in 350.
. o _ Constants for many other materials were determined in terms of
~ thatof carbon bisulphide by H. Becquerel, and thése may be turned
" in’pabsolute values by using the constant just given for that liquid.
- "The followiilg values are extracted from a table of Becquerel’s results
. ﬂen by Gordon, lc.: carban bisuphide, 1; water, 0308 ;
" benzen®. 0-636 ; nock-salt, 0:843 ; crown glass, 0-481 ; bichloride

~_ dftitanium, —0358.1

~ Rotation by gases. In 1879 both H. Becquerel and Kundf
and Réntgen? succeeded in measuring the rotation by gases.
Becquerel passed a ray several times to and fro along a copper

tube with glass ends surrounded by a coil. Kundt and Rontgen

_'_. used a copper tube with olass ends surrounded by a coil.
o this the gas to be dealt with was compressed to 250 atiho-
eres, The glass ends were so seriously strained by the internal

are that they becanfe doubly refracting. Tt was therefore
mut e polariser and analyser within the tube, each
bﬂtﬂej.n at the end at which it was placed. The
mehmped in a fixed position. The analyser end

round, subjecting the tube to torsion, and the
be measured. It was found that the rotatian
o the density of the fﬂs’ so that it could be
| density at 0° C. and 760 mm. In all cases

‘was positive. The followin rotations at
Iphide of carbon were obtained: , ,
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Rotation by films of irbn, nickel, and cobalt. A,
1884 Kundt * succeeded in depositing on glass films of ivon, nickel,
and cobalt less than a wave length in thickness which easily *
transmitted light. When one of these was placed in g magnetic
field normal to the lines of force tge plane of a polagised ray
passing through was rotated in the positive direction—i.e. the
direction of the magnetising current—and by an amdunt pro-
portional to the thickness of thefilm. The rotation increased with
increase of the field u p toabout %7,000" : but when the field exceeded
this the rotation did not inerease much. The maximum rotation
of a certain red ray in iron was such that passage through 1 em.
of iron would at the same rate give a rotation of 200,000°
The rotation of blue licht was less than that of red. .

The approach of the rotation to a limit suggested that the
rotation is proportional, not to the external magnetising foige H,
but to the intensity of magnetisation I. With H=17.000 we may
suppose the ivon to be saturated or that I has reached itsdimitf.
In an ordinary non-ferromagnetiq substance the intensity of
magnetisation is given by I=xH, where xis a minute constant «
and I is proportional to H. In a ferromagnetic metal x i not
constant and I is not proportional to H. Du Boist plotte§ I
against H for each of the three metals iron, nickel, and cobalt,
using Rowlands’s values, “He then plotted rotation for a definite
thickness against H, using the rotations determined by Kundtand Ly c
simself, and found that the form of the two sets of curves was'the
same, or the rotation was proportional to L. e

Representation of the rotation of the plane of polari- Se
sation by two equal circularly polarised rays with
opposite rotations travelling with different velocities.

- N o

Let a point P move with uniform angular velocity w in a cirele -
radius a. Drop a perpendicular PN on a diameter ACA" If P

starts at £ = Q from A, ACP = wt and
P CN=a cos wt. Then N has a simple

j harmonic motion with theﬁgllg
as P. ol =, 5 '
u
A

« When P starts from A let P*
c N from the same point @il{‘& e
angular velocity w rouud:@ e
but in the opposite divectio
@ inadvan in BN pro
of the displac
Qg . iBres 24L N AA’-—-:ga
displacements perpendicular to AA’ .
- are egual ana opposite. Hence a sir
be made up of, %r conversely” may
- motions, each of half fits{"_f_ plitue

-

.

U‘lm‘:‘ -... i -‘\".I'I

P g A
w

»
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A train of wavesef cifcalarl¥y polarised light may be regarded
as consisting ofecircular disturbance, represented by a radius of
given length travelling round each point in the path and with the
same angusar velocity for each radius, the ends of the radii being
on a revelving spiral. A cogkscrew turned round counter-clockwise
without advancing éxactly represents such a train of waves with
counter-tlock wise rotation travelling towards its point, and if it
be laid lengthwise on a mirror its reflection in the mirror repre-
sents the transmission of a train with clockwise rotation. Let (a),
Figz.242 represent the right-handed corkscrewas seen from above, the
thick lines representing the upper part. ‘I'hen ifit is turned round

Inig - M
= - :_ B Bl

Pl . M A .

- A
() (b)

Fic. 242. F1G. 2438.

~ eour ter-clockwise as seen from A, a given displacement will trgvel
ward from A to B. If (b) represents its reflection in the
or MM, a clockwise, rotation as seen from A’ will send a
"d'llgﬁmﬂﬁ_forward.fmm A'to B
wo displacements in (a) and (b) are combined, they will
: an up-and-down displacement perpendicular to the
aper, or a plane-polarised disturbance. »
‘that while the speed of rotation of the two
els faster forward than the other, that is, hfis
h, or is a steeper spiral.  Thus in Fig. 243 let
ster-moving and longer wave, AEFG the
e instant represented they coincide at A,
“the same rate for hoth fpirals ehey
e at A ﬂiﬂt‘-g:anee perpendicular

-
.

.
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We may obtain the actual® rotation &y noting that the 202

forwaxd propagation of a circular disturhanoe'ﬂgith-- speed v is

represented by . 3 Gt T~ P

9=w(t—£), % R R SR
- ' s B .’—f
where 6 is the angle the radius makes with a fised directiofi p:zr~ -5

pendicular to the line of propagation, the distance x being
measured from a starting-point on the lipe at which § = 0 when
t = 0. For at any fixed point the angle 8 grows at the rate w,
or at each point there is circular motion, and at distance z, 9 =0
when o = wt, or the displacement which is at # = 0 when ¢ =0
is propagated forward with velocity w. PR Ses,

Now let an equal circular disturbance, but with opposite =

-

rotation, — @, travel forward with a less velocity o', Thep the

direction of disturbance at @ at time ¢ will be ‘-1
r=—u(t-2) T i

assuming that it is 0 at 2 = 0 when £ = 0. -

It is easily seen that the sum of two displacements, e,mch a ;m-] v*
in directions 8 @, is in thetdirectidn 6_‘4;39’, and -is m m&gnltude* "
E 2a cos 6—:29:. s SN “ .

- - : : - - l . . . . < .\_ ¥ -
That is, it is in the direction %‘3(#’ LD S gt el

el . e
and its magnitude is ’ .

Ra cos w lt = o (;_ ey ér;““‘ LT

-

It is, then, a simple harmonic mhm]aon i'uu_“
at a constant point, but as we travel forward
round in the positive direction of w at a

L . . o 2, ’m-ﬁj{
e L, g i "51,.-\—.‘-

Y
o
i e

3

or if n is the fre(fluenéj’y'ﬁf rev
0

putt the rotation of the plane o
. .. - i - ¥ 2 Rl S b ploss
- SN v L
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~ang at first sight isappéars sohewhat artificial.  But it appears
~ more natural 14 we assume, as we surely must, that there i$ some
"« sort of motion reund the lines of force in a magnetic field. Then
a resolutign into circular motion would seem to be appropriate.
£3 ~ An,électron theory, of the rotation. We have now to
4  skow that if we sappose that in a circularly polarised ray the
. clectrois are whirled round with the frequency of the waves (i.e. a
- number of times pes second equal to the number of waves passing a
point per second), thea the velocity will be different for the two
- directions of whirling if a magnetic field exists parallel to the path
- of the ray. -
o According to Sellmeier’s mechanical theory, the velocity of a
. train of light waves in a medium depends on the nearness of the
~ wave frequency to the natural frequencies of vibration of the
~ molgeular or atomic systems constituting the medium. By
the natural frequencies we mean those of the different types of
= motwn of each system if it is disturbed and then left to vibrate
~ without any external action.,
. e Let N, N, &c., be the natural periods of the constituents of
~ the thedium. The velocity v of a train of waves of frequency n

1 3 ’31. BE : L, N
- ?*K-‘-leﬁ-uz-l-ﬁ}—uz-'-&c'

.
._ ,;.n..sﬁa'e K, By 3. &ec., are constants for the medium.* -

~ For simplicity we shall suppose that there is only one mode of
- patural vibration N, and that this takes place underan acceleration

" towards a centre at distance d equal to w®d or 47*N°d. 'The

velocity of a train of waves is given in this case by £ ;
Y X - -
Pl i . - ’ » 1
- S - e _i ’
:; = ‘ » .'__ ..‘..‘__ ‘ 55 J ’a K + Nz-—-na'

N, the formula makes z = 0. The physical inter-
there is at this value “resonance,” and the waves
gy in setting the constituent systen® of the
ation so that they are absorbed and not trans-
. absorption too, in a real system, for some
e of n=N. As we rise from n = 0, i.e. "

h towards n = N, 1/2%, which is pro- .
e refractive index, gradually increases,
“When z has just passed Ng192* k.
But when 1/22 begomes positive
e is, however,a limit K~ %

’:. :I“.‘_-. - _ :‘-_‘Tf}";_gji?* 1

S

}'m -
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We may represent the genetal naturegof the change in
1/2% ot 42 by Fig. 244, 3 T2 e | >

This theory holds good in the electro-magnetic theory if we «
suppose that the medium consists of central bodies roynd which
clectrons or small charged bodies-are regolving, each with ¢ period

o or periods of its own.  We make the usual supposition that the
; U ;
| % "
1?5- LS
2 .~
K+pN % o :
K“/—“— . '
—>7n N~ - i
F1c: 244. S N kN
y ¥ e & -‘..i
* charge on each electron has the same negative value. We represent
: it numerically by ¢ and thegnass ofithe electron by m. s
Now let a circularly polarised beam of frequency n “travel
through the medium. We suppose that it makes the electran$ ;_-,g

whirl round the centres of their natural orbits in circles with

frequency n, instead of the natural frequency N, the wave dis- ¥

turbance calling into play a force which, added to m.4w2Nd, the
. natural force of the system, accounts for the new period.

: When a field H is put on, let us suppose that its + direction
coincides with the direction in which the ray is travelling,

3 ~ the distance of the electron e from its centre, its velocity
and as it is moving transversely to the ﬂeIdEH a radial
to H, equal to 27ndHe, will be called into play. The
electron moving clockwise is equivalent to a positive curren
lating ceunter-clockwise. Hence the force is inw
electron moving clockwise and outwards on or e mov
clockwise. If i is the mass of the electro A

oy

. distance d is +2mndHe/m. The total acceler
internal force and to this magnetic forceis

) and this is thé natural a tion whe
. Putting (1) in_the
 different natural fi
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- for a ray in which e rotation is clockwise as scen from the source

H . and the value o
e , JAINT—2ruHe /m
=* fora ray with the oppmlte rotation.
If the two frequencies are N, N,, then
B - . nHe A
NgE=N - —=N'1y
Qrm @
-l F- ]
- - e nmHe
.1.‘ ¢ hs":‘\-——m——x\z-—-v ! (2)
nHe
- where p G J

| fes the natural frequencies for two circularly polarised rays with
: oppomte rotations thus differ, they have different velocities, Ty Vg
ngen by

o e & e o by 1

- p,° N2 4 y—n? NZ—n? (N2—n?)?

RNy 1 o B 2 43 |3y J

} B vz B+ N _,—n® If+ ‘ (\2_}: i

R 1; If ®e subtract the first of these from the second we get

1 1 % 4
iy B : v2 vt (N—nd)

B ‘result whmh is due to Voigt.
(ol ._iWe have tgken v as posntwe for negative electrons, and as

nal to 7 usually increases as we apploa(h an

{ thl!'long wave side, we may take (3 as usually
4)is usually positive, or ,>> vy, and a circularly
vhich the rotation as seen from the source is

j e ater velocity than a ray with geounter-
e rotation therefore has the same sign

L tfrthan N
slarised light is resolved into two co- exlstmg
nd we assume that they have different

es clockwise or in tae directipn

kwise component moves the faster

1ld mdum thg ﬁeld in which :

e
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When the rotation is in the of)posite‘ dir&’tion, as in titaniem o
chloride and in salts of iron, we may perhaps actount for it by
a negative sign for 3, i.e. a decrease in u as X\ decreases, or perhaps *
by assigning the opposite sign for y, which implies that positive .
charges are revolving, | . Do, t

Confirmations of the theory. Righi* showed that the
wave lengths of two oppositely circularly polarised rays were
ditferent when they were made,to traverse a tnagnetic field alo
the lines of force, before the electron theory was elaborated to
account for the difference of their velocities. A pencil from a
source was divided into two pencils which were cirqu[;:']y polarised
with rotations in opposite directions and then ran alongside each
other through a tube containing an active liquid and surrounded by «
a solenoid. 'The two pencils then passed through a Nicol and inter-
fered in the focal plane of a micrometer eyepiece by which the frioges |
could be seen .';.udP their positions fixed. When the current was put
on the position of a fringe was read by the micrometer wire. Then
the current was reversed and the fringes shifted, and by an amount
sufficiently near to that which would be expected from the observed *
rotation of the planes of polarisation in the liquid by the_sa{ne

. current. \ - _ AR Y

Brace T made a similar experiment with a similar result. Some

time later, by making the“two rays travel in ag arrangenent of

i
- — 4~ iy
. : et L =3
: w - “\4 -
; . .‘ " " A

A decreasing 5896 ! 5890. ST
& 0, - Dl il
3 Pro. 2457 7S S

prisms to and fro along the lines of force, he st ce
separating them on emergence. N s
Macaluso and Corbino { showed that
- same direction on opposite sides of a
band, and Wood§ measured the rotatic
both D lines, and obtained results
Fig. 245. But in the case of a solu

. * Wied. Beiblitter, ii. p. 715
- L Phith Mag, 5 pad

. earlier work, and then d

AT
*- -
10

e
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. s salt with a stronep abssrptiof band in the yellow, Wood found
that though tle rotation had the same sign on the two sides of the

- »
.4 - ’ .g

= _ <

B - .

. :' 53 ) E /

_ red side blue side

= N band
e - _ - decreasing — >
- ' s F1g. 246.

- banq it did not appear to rise towards the band on both sides, but
~ rather to be as indicated in Fig. 246.%

. Magnetic double refraction when the light ray is
~  perpendicular to the lines of force. Voigt’s theory.
"+ We have seen that if we resolve a vibration which is perpendicular
%o tne field into two circular vibrations with opposite rotations
. iwa plaue,also pers)endicular to the field, the natural periods of
- the two are one a little greater and the other a little less than
- the natural period before the field existed. If we assume that

e gefwo periods exist for a ray travelling perpendicularly to the
of force in which the motion of the electrons is also perpea-
'_'-';,'1'"‘-"- *ular to the lines of force, the equation for the velocity v before

~ the field exists, which is

o £ 'y B
"._-_ :'i_._.‘_ , __r;‘ y - ) —K +N2—1!2,
i . : re._ _ ‘_ by the less simple form
A PR B,
*_K+ N py—n? P2 N2—y—nt

23°

. N neglecting higher powers.

Ny

i
+

: field is established is also the velocity of
ons along the lines of force, and which
eld, Let us putit v, = v. If we
-0 and v, = v,. This requires that
S R LT St R

- ¥ . s

-
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of the plane of polarisation. Further, it Chargtes sign with N —n; ¢
or when n < N,v, >uv,, and when nis > N, v, < . The theory
of ‘which this is a mere indication led Voigt to the result just
obtained, and it was verified by Voigt and Weichert in the case of «
sodium vapour,* ‘ R L

Magnetic double refraction in colloids due to sus- >
pended particles. In 1901+ Kerr observed that if a small
quantity of Fe;O, is chemically precipitatei in invisibly fine
particles in water, which is thereby rendered slightly hazy, the
liquid becomes doubly refracting when it is placed in a magnetic
field and is traversed by a polarised ray perpendicularly to the field.
The vibrations in which the electric component is along the lines of
force, travel more rapidly than the vibrations in which it is at *
right angles. At the same time the former are more absorbed.
"This agrees with the supposition that the particles of the oxide .
arrange themselves in fine filaments along the lines of force, and
act like a Hertz’s grating of parallel wires. s Sl

Very shortly after this, Majoranajvindependently discovered the
phenomenon in colloidal solutions of iron, and found that if was *
very notabie in long-prepared “Fer Bravais.” Cotton apd -
Mouton § also worked at the subject, examining many colloi?nl '
solutions. : 9 _ “ S

Magnetic double refraction in pure liquids. At first
Cotton and Mouton supposed that the colloidal condition was =
necessary for magnetic double refraction, but they discovered that
it is exhibited by nitrobenzene, and it has been observed in other
aromatic compounds. The phenomenon is c]ose}y parallel to the
Kerr electric effect. If ¢ is the retardation of one ray behind
the other in traversing length 7 of a substance placed in a field H
whién is at right angles to the path, and if A is thgwmlengt}}#{

) = ; e Ao ;
—=CI/H®. « . <4 o ik
X Cl _ 3

-
~d\
- =
[t ™
-~

.

C is the constant of magnetic double refraction for the sub
for the wavelengthused. Cotton and Mouton found that for
benzene increases as A diminishes, and that if B he
electric constant C/B is very nearly the same for di t
lengths. This has been confirmed for other arom:
by McComb and Skinner.| YR T

A theory of magnetic double refra
Havelock,¥ avho supposes that the mol
along and perpendicular to the field.

v 3 S -5 -

* Wied. Ann. 87, p. 345 (1899) ; or Wo
Brit. Assoc. Repprt (1901), p. &
; Sotence Abstracts, 1502, No.
g§ Ann, de Uﬁ!'m.ﬂmdcm
work ; Journal de Physique

Jtoy. Soe., 3 A
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o« toaccount for the efiect By supposing, not that the molecules alter

their distances wpart, but that they are oriented with axes of some
* kind along the lines of force. They consider that Voigt’s theory will
« not accouyt for the double refraction which they have discovered,
for his.tﬁeory should apply to all bodies, whereas their double
. refragtion is so far confined to a particular class.
he Kerr magnetic effect. Reflection from magnets.
The refleotion of light at a surface is not merely a veturn of the waves
at an impenetrable surface, for the nature of the reflection depends
on the constitution of the medium within the surface. For instance,
the polarising angle differs with different reflecting media, showing
that the medium near the surface takes part in the process. Con-

« sidering this, and further considering that, as the Faraday effect in
some salts of iron is already great, it might be expected to be
vastw greater in the steel of a magnet, Dr. Kerr* was led to
expect some kind of rotation in a plane-polarised ray when

ested from the pole of a magnet.

To test his expectationshe polished a flat as perfect as
@ possible on one pole of an electro-magnet and then brought the
; other pole near to it, just leaving between them a chink through
- which a ray of plane-polarised light could be directed on to the
., surface at an angle of incidence between 60° and 80°. When the
é’f‘}'j plane gf polarisation was either paralle/to or perpendicular to the
- plane of incidence and the current was off, the plane was unaltered
- byreflection. Thesetwo planes were selected because, in accordanct
~ with the ordinary result of reflection from a metal, the light in any
~ other plane would after reflection be elliptically polarised. After

- reflection the ray passed through a Nicol to the observer’s eye.
- The Nicol was turned to extinction. On putting the current on,
- the light reappeared faintly, the plane of polarisation always
~ tumning in the direction opposite to that of the magnetising
rent, and the polarisation was slightly elliptical, as the principle
y would lead us to expect.
her experiments Kerr worked with normal incidence
fforation in the opposing pole and found again a
s in value, and again in the opposite Qirection
current. According to the later work of
ing the metal and finally absorbed by it
ation turned round in the direction of “the
| W 'I__l;_lig_!)t expect the reflected vibration
L lonc 2 &
similar effects with reflectiof %t
parts of a magnet.» He summed

ersib

% &

1t w small component was ,
serpendicular to that 5
e, The vibratien 4

e L.
e 0 p
Mok vy p AB8T il
AR el £
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n thc original direction was not éhangc&l ingphase by magnetha-
tion. * The new component differed from it in phase by a small angle.
Du Bois* measured the rotation on reflection at normal incidence «
from mirrors werked on the ends of iron, nickel, gnd cobalt
cores of electro-magnets.: The cores were in the form og' prolate
spheroids. He used this shape because, according to the theoryof
induction, if without the metal core the field is uniferm, the
magnetisation I, when the metal is put in, is uniform and
parallel to the axis. Measuring the rotatien  and theintensityof
magnetisation I, du Bois found that e=KI, and he termed K the
Kerr constant. If the magnetisation was not normal to the
surface, then I was replaced b\. I,. the normal component. K was
found to be nearly mdependult of temperature, and when ¢ was .
expressed in minutes it was found that K was: for iron—0:0188,
for cobalt —0°0198, and for nickel —0°0160, while for ma.gr;etlte
it was 4-0'012. 'T'here was dispersion, K decreasmg for iron from =
red to violet, while for cobalt -there was a minimum in the greem, .
and for nickel a minimum in the yellow of the spectrum. o
The Zeeman effect.t The three actions of magnetism on
light which we have already described consist in modlﬁcatldnq of
the light due to changes in ‘the medium through whlcl.', it is traws-
mltt‘,d or at which it is‘reflected when the medmm 1s ma.gnetlsed.* 2
The modliuatwns may be €scribed to alterations of velocify and =~
not to alterations in the frequency of the waves. 3 There can be o e
alteration in wave frequency where there is no relative motiot*of
source and medium and the condition is steady. Now we are 1@_
describe an effect of the magnetic condition on the hghl: emitting
elements of the source—an alteration in the frequency _notm '
velocity, of the waves emitted. An alteration nfd:hli ind, sc
in wuin by Favaday, perhaps observed by Fgev as o1 ‘ly’
found by Zeeman in 1896.1 5o
Zeeman placed a sodium fame betwe:mﬂ:@
magnet which could create a powerful field throu
The light going ont pelpendu:u]ally ‘to the lines
equatonulh was received In a grating spectroscope.
having 14,938 lines to the inch and there
dlspel sion.  Before the current clrwd?wy
fine and sharp. When the current was
perceptibly. ‘The red lithium lines
similar eﬂectd 'l:ti) show that th
magnetic field and not to any in
tén%pnerature through the Lﬁiﬁ
glass ends was put across
A plece nf qo&mm was 1
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are,was passed throagh the tubefinto the spectroscope and the dark
D lines appeased. When the current was put on, thest too
» widened. The total widening of each of the lines was about 1/40
of the distance between them when the field was about 10,000,
! As the tv0 lines differ in frequency by about 1 in 1000, the two sides
e ofseach froadened band differed in frequency by about 1 in 40,000.
~ Lorentz’s theory. Zeeman thought that the electron
‘ theory as developed,by Forentz wonld give the key to his observa-
~ Hons, and Lorentz indizated tohim a theory of the effect which we
- may put in the following form.
" "The principle is that which was afterwards used by Voigt in the
- explanation, whick we have given already, of the change of velocity
~ » of circularly polarised light with change of dircction of revolution.
~  The starting-point is the equivalence of a charge ¢ moving with
_» velodity v toa current element ev, so that if there isa magnetic field
~  of which the component perpendicular to the direction of v is H, a
- forcesacts on e equal to Hev and perpendicular to H and v.
= If 2 be resolved into any cpmponents and the force on ¢ due to
.~ # each component be separately consjdered, the resultant of all these

e

~ separfite forces will be Hew. It issufficient to illustrate this by the

v
"~ sidple caseswhere the field is perpendicular to the velocity », and
.~ , that velocity is resolved into v cos 0 and v sin 6 at right angles
‘:‘____,u;d i3 a plane jperpendicular ’to H. ¢ The forces on ¢ moving
i wtely with these veloeities will be Hev cos 6, Hev sin 6,-and
se will have as resultant Hev. Hence we can resolve 7 as we like,
*-3. acting on ¢ due to the separate components will have

DAaATALE

esultant equal to the force due to the actual motion.
_ Now take the case of a system in which a single electron revolves
round a centre under a force towards the centre proportional to
stance. The orbit will be in general un ellipse, and it siay
ny plane. But the motion can always be resolved into
inear simp e harmpnic motions along three axes Oz, Oy,
thr )ﬁ?_;:- O, and all three will have the same
hey will not have the same phase, ie. will not all
e same instant, unless the actual motion is
ear motions may now be resolved 4nto two
eular motions in any plane through the
r the same period but with radius equml

g (2 -
A 1n
Ty

iod is Nand the radius is

+
e

the direction of .
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-
of radius d in which the electron & moves round clockwise as geen
from<the N.S.P. If its velocity is » it will hase an additiosal
force Hev inwards, and so its frequency will be increased from *
N to N,. The total force to the centre if the m is" m Asih A
472N*md + Hev = 472 N?md + 27N, Hed, putting 27xN.d for v.
The acceleration is (472 N2 + 27N, He/m)d, and the frequency is .
given by ¢ .
.Nz:l.rq_l_Nll"Ie/m e -
2 2w e :
and as the second term on the right is very small compared with
the first, in it we may put N for N, so that |
» , NHe/m | 5
N, Z=NE L ettt
4 1 r.+ 27'_
. - .“,J
A counter-clockwise motion will have an additional force out- 5
wards, and so the frequency is reduced. Its value N, is givén by
N n'-_—J‘.\Tzu——"“--lq:l_le/l’n', ’l.-l';-&.""—s
2 2 SRR
or approximately : ; o ® eI
3 » NHe/m P ' LRSS,
2___i 2-_- : . - > 1
st‘—--\ t—zw_ - e P, e ;ﬁﬂ
' R ([
"There are therefore three frequencies, the original frequenc{ N ":l_-}
still remaining in the vibrations along the lines of force, and there

are two sets of circular motions in a plane ﬁerpe 2ndict to the
lines of force and with frequencies, (Ele ra e‘rgpeatﬂ‘a:;na‘ he -‘
other rather less than N, Yo AT RN e ool et S
Lonsider the light going out equatorially. The circular v
tions will only send linear vibrations in that direction, for it is in
their own plane, and the direction of vﬁ)r@t@”ﬁ?;im_@_e’gﬁgvm- will
be perpendicular to the lines of force. The vibrations i
source along the lines of force will send out vibra
that direction and of the original frequency.
the ligh¢ in a spectroscope, we may expec
position of the original line polarised in
and this should be flanked by two lines
to the lines of force. If we consider the
then the vibration along the line
fregaiency sénds no waves ﬁ at di
sets of circular vibrations send oppe

and in a- specttosm'pe -we ].J. -

£ o gl

of the original position, a

Prhns vei
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stronger fields and bytten resolying power showed that the effect of

* egfablishment gf the field was usually considerably more compli-

» cated than in the simple case which ‘we have treated, though for

somedines there is mere tripling, as described above.* For instance.

- *  thesodiunfline D, shows a quadrupling ia the equatorial direction,
,» the poldfrisation indicating tHat the central line is doubled. D, shows .

~ six hfies,and the polarisation indicates that the two side lines ave also
e doubled. | Lorentzt showed that if there are n degrees of freedom
» i the vibrating source, all coinciding before the establishment of
_ the field, and so giving one line in the spectram, we may suppose
- them to be tade all slightly different when the field is established, °
- thus giving » lines. Thus in our simple case n=3, and each of
~, the degrees has the same period if there is no field. When the
"‘_ f;]d is put on there are three-periods and three lines in place
e oF £
r,_?g.. a?;ce Zeeman made his great discovery a very great deal of
- work has been done by himself and by others in investigating the
- ;‘dehﬂs of the effect, but these, details belong more to opties than
o to magnetism.} s
- Weshall conclude with a very interesting calculation which )

- Zegman magle, in his first paper, of the value given for e/m by the

. observed widqning of the lines. From tae values of N, and N, z 4
TS ) e
1t 2He/m .
He/m .
(N,—N,) ~ :
B 3
R L)
lengths of the two side lines, and V is
| =k -
- =y
A; may be put equal to ), the |
S R e A RO
g tobe gigon fov.T 3%

Vis 3x10%, ¢/m isabout
-2 0 -I--'.';‘!“'-'_ .- .";‘” 7'.'I-- 4 " il

e
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=

107.  Various later measurements of thewe Jﬂ{a&wn of the lmes S b
known ficlds have shown that efm obtained in thm,way is a liftle ®
different for lines in different series, but that it is the same for li“new o gt
in the same series. The mean value ‘is very neaf-];o'ifﬂ x 107 o% ;;

which again is very near o the mean of the best—m meﬁts
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