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Part L

BerorE leaving Cambridge, Professor CHRYSTAL, in the summer of 1878, wound with
great care two large coils of about 50 centims. in diameter to be used for a redeter-
mination of the value of the British Association unit of resistance. A galvanometer
of special construction with double coils, one of thick wire the other of thin, was also
wound by him and mounted with WEBER'’S suspension,

The coils were to be placed at a known distance apart, so that the coefficient of
mutual induction could be calculated. |

The apparatus remained unused till the spring of last year, when the experiments
-described in the present paper were commenced.

The method used is similar to those employed by KirceHOFF (Pogg. Ann., Ixxvi.)
and RowLAND (American Journal of Science and Arts, vol. xv., 1878). The coefficient
of mutual induction of the two coils is determined by calculation from the geometrical
data. A current is passed through one coil, the other being in circuit with a ballistic
galvanometer, and the induced current, produced when the primary current is broken
or reversed, is measured by the throw of the galvanometer needle. The primary
current itself being then measured by some method, we have enough data to deter-
mine in absolute measure the resistance of the secondary circuit and the galvanometer.
But this resistance can be measured in terms of the B.A. unit, and hence a value
obtained for the latter.

Professor RowLAND measured his primary current by means of a second galvano-
meter, the constant of which he compared with that of the ballistic galvanometer both
by direct experiment and by calculation.

In our experiments the value of the primary current was obtained by passing by
means of a shunt about 5355th part of it through the ballistic galvanometer ; we thus
eliminate from our equations the values of the galvanometer constants, as well as the
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correction which RowrLAND had to apply for the difference in the intensity of the
horizontal component of the earth’s magnetic force at the two galvanometers.

We have instead to determine exactly the ratio between two resistances of about
1 and 3000 B.A. units respectively, and to show that the heating of the wires by the
current could never be such as to affect the value of this ratio appreciably. We
proceed to describe the arrangement of the apparatus.

Fig. 1 gives a diagrammatic plan. A and B are the two coils, A being the primary.
G is the galvanometer, K, L, M, N are four mercury cups.

P, Q, H, and H’ are also mercury cups. C is the commutator, and D the battery.
Between H’ and G is a resistance, S, of about 8000 B.A. units, between H and L a
second resistance, V, of about 1 unit. ‘

Between P and M there is an adjustable resistance, T, the purpose of which will be
described shortly.

The rest of the figure represents the ordinary WHEATSTONE’S bridge arrangement
for measuring the resistance of the secondary circuit. P’, Q" are two mercury cups.
E, F a divided wire. R a resistance of about 160 B.A. units (the total resistance of
the secondary circuit). U and W two equal resistances of about 30 units, forming
the other arms of the bridge.

Let us suppose P P/, Q Q’, and M N are connected by stout copper ,—'—,-shaped
pieces. Then our secondary circuit, broken between P and Q, forms the fourth arm
of the WueATsTONE'S bridge, and by adjusting the variable resistance, T, the resis-
tance of the secondary circuit can be made so nearly equal to R that the difference
between them may be expressed in terms of the resistance of the bridge wire in the
ordinary manner.

R then forms our standard resistance, and is the quantity actually measured in the
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experiments. R is the resistance of a coil of platinum-silver wire made at Professor
StuarTs workshops, according to the pattern designed by Professor Fremine, of
Nottingham.

The wire was supplied by Messrs. ELriorr Brothers, and is that used by them in
the manufacture of coils of about 100 units resistance. R, as has been stated, is about
160 units.

Now suppose that the connexions P P’, Q Q' are broken, and that P Q is connected
by means of one of the 'y pieces. Break M N and connect L K, then the battery
circuit is complete. Now connect M N again, the secondary circuit is complete, and
the current running in the primary. Reverse the commutator C, an induction current
is produced in the secondary circuit, and may be measured by the throw of the
galvanometer needle.

To measure the primary current M N is broken and M L and H H’ are connected.

Between H and L the primary current is divided; the resistance in the direct cir-
cuit H V L being about 1 ohm, that in the circuit H 8 G Q P M L about 3072 ohms,
so that about gg%5 of the whole current runs through the galvanometer; the perma-
nent deflection of the galvanometer G is observed, and from this the value of the
current is calculated.

We turn now to a detailed description of the apparatus used.

The coils were wound by Professor CHRYSTAL.

Two brass rings were carefully turned and a rectangular channel cut in the outer
limb of each. A slit was cut in each ring to prevent currents in the frame (this was
of course unnecessary for our experiments, but might render the coils more useful in
many cases); the slit was closed with a piece of insulating material into which
binding-screws connected with the wires of the coil are screwed.

The coils are lettered A and B.

In the experiments the coils are to be placed with their planes parallel and their
centres on a line at right angles to their planes.

A cylindrical brass rod was carefully turned and fixed to a brass support so that it
would stand in a vertical position.

Two tripod pieces of brass of the form shown in fig. 2 were constructed. The brass
rod fits accurately through the aperture O 'in the centre of the tripod, and the plane
of the arms O A, O B, O C is at right angles to the axis of the rod. The curved
surfaces A A}, B B}, C C,, are small portions of the same circular cylinder whose axis
coincides with that of the rod, and the radius of this cylinder is the same as that of
the carefully turned inner surface of the annulus on which the coils were wound.

This annulus thus would then fit on to A A,, B B,, C C, and rest on the flat
surfaces A A; A, Ay, B B, B, By, C C, C,, C;, which are all parts of the same
plane at right angles to the axis of the bar. If then we place one coil, A suppose, in
this manner on the tripod, its plane is perpendicular to the axis of the bar, and its
centre lies on that axis.

MDCCCLXXXIII, 26
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To place the second coil with its plane parallel to the first we used three cylinders
of brass, the ends of which had been carefully turned so as to be at right angles to
their axes, while the lengths of the cylinders were as nearly as possible the same.

These three cylinders were placed vertically on the upper side of the coil A, one
above each of the arms of the tripod, and the coil B rested on them ; its plane thus
was as nearly as may be parallel to that of A.

To bring its centre into the axis a second tripod exactly similar to the first was
placed in an inverted position over it, and the coil was moved about until the flange
pieces fitted inside the inner surface of the annulus as before. In this manner the
coils were adjusted o the required position. ’

The following account of the precautions used in the winding, and the methods
employed to measure the constants of the coils, is quoted from a letter of Professor
CHRYSTAL'S, addressed to one of the authors of this paper (R. T. G.) :(—

“The coils, stand, &ec., were constructed after working drawings made by myself
under the supervision of Professor MAXWELL. The immediate end in view in con-
structing the coils was the determination of the ohm, and this of course influenced
the design of the stand. It was proposed ultimately to use the coils as a standard
instrument for producing a uniform magnetic field in which to determine galvanometer
constants and the like.

“The coils were wound by myself and the then mechanic at the laboratory,
Mr. FuncaER. The coils were mounted for this purpose by placing between the three
armed supports ”-—the tripods mentioned above—¢ which were then braced together
and mounted on an axle and stand. During the winding constant tests were taken for
the insulation between the wire and the metal channel. This was the main difficulty,
and wherever the slightest defect was discovered the wire was unwound for a little
way and paraffin paper and paraffin used. It was found absolutely necessary, in order
to secure good insulation, to cover the bottom of the channel with a ribbon of silk
drawn through melted paratfin. The number of turns in each layer was separately
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counted and registered, and as a check a counter was attached to the axle and read
at the end of the windings; the two records agreed in both cases. The resistance of
the coils after winding was 849 and 827 B.A. units respectively. Four diameters
were measured in every layer.

“The measurements of length were made by means of the cathetometer, and I find
in my book a record of a comparison between it and the beam-compass scale, which
had been tested® I believe; there are also measurements of the thicknesses of the
walls of the channel and its width.” _

The numbers actually used in calculating the value of M were furnished by
Professor CHRYSTAL from these measurements. The error between the cathetometer
and beam-compass appeared in one or two measurements to amount to 1 in 2000, but
in the majority of cases it was very much less, its mean value being, perhaps, 1 in
10,000, irrespective of sign.. On the whole then we may, without sensible error, treat
the cathetometer scale as accurate. ‘

In another letter, Professor CHRYSTAL gives the following extract from his note-
book: of the direct results of the observations. He says: “You remember that each
diameter is given as the mean of four.

“The first diameter is through the slit, the next 45° from it in the direction of the
sun’s motion, the letter on the coil being up, and so on.

“ Here is the entry in my book for the fourth layer in coil A.

No. of layer. No. of turns, Cathetometer. Cathetometer. Difference. Mean,
4 26 78140 28014 50126
781-30 279:95 501-35
781-27 279-58 50169
78060 27952 50108 50135

“You will observe in the above extract that the two intermediate diameters are
greater. This happens in most layers. At any rate the diameter perpendicular to
that through the slit is in the great majority of cases the greatest, as might be
expected.” ‘

Professor CHRYSTAL'S measurements then gave us as the mean of four observations
in different positions the value of the external diameter of each winding, and also the
total number of windings in each layer. In each coil there were 30 layers and in
each layer about 26 windings. In coil A the total number of windings was 797 and
in coil B it was 791.

Let the external diameter of the layers be d,, dy, ds, &c., and let the number of
turns in a layer be 26 +n,, 264n,, &c.

* This beam-compass has again been tested by Mr. Dopps during the present year and found correct.
All our measurements of length are referred to it. (Nov., 1882.)

2a6 2
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Let ¢ be the thickness of the wire and silk used, and let A and a be the mean radii
of the coils. ,
Then 2A+t=26{d1+d’2+ _;9}74_%1 1 Rty +
Now we know the diameter of the channel before the first layer was put on and

also the diameter of the first layer ; they were respectively

49565 and 49°723 centims.
From this we find
t="0815 centim.
and finally
A=25'753 centims.

The observations on coil B gave the same value for the thickness of the wire and
covering, and we get for it
a=25'766 centims.

The method here adopted to determine the value of the mean radius allows for the
fact that in winding one layer may sink somewhat into the one beneath.
Let the figure (fig. 3) represent a section of the coils by a vertical plane through

the axis; let the coils be placed with their lettered sides down as in the figure. This
we call position 1 throughout.

In position 2 the lettered side of B was turned uppermost.

In position 8 the lettered side of A also was uppermost, while in position 4,
A remained uppermost while B was again inverted.

Thus if \yB mean that the lettered side of B was down, we have
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iﬁ Position 2 $§
Position 3 ii Position 4 Xﬁ
In the figure R R, represents a section of one of the cylindrical rods used to
separate the coils; its length and the thickness of the walls of the channel are all
known. If, then, we assume that the median plane of each coil is midway between
the walls of the channel, we can find the distance between the median planes; this
we denote by b. But if the median plane in one coil, B for example, be not halfway
between the walls but some small distance, 8b suppose, nearer the lower wall, then in
position 1 the value assumed for b is too large by 8b, while in position 2 it is too
small by 8b, and by making observations in positions 1 and 2 and taking their mean
we eliminate any error in the result which depends on the first power of 8b. Simi-
larly, if there be an error in the position of the median plane of the coil A of the same
nature it is eliminated by inverting A.
The thicknesses of the wulls of the channel as given by Professor CHRYSTAL are:—

Position 1

Coil A. Coil B.
centim. centim.
Lettered side. . . . 478 446
Unlettered side . . . 488 465

Also, if 2k, 2k be the radial and axial dimensions of the channel for coil A, 27/, 2%
for coil B, we have
h="96 k=95
h'=-95 - k=195

Three series of brass cylinders were used to separate the coils, and the lengths of
these were measured each by two observers. A pair of calipers graduated to read
with a vernier to 1g%gth part of an inch were found to be the most convenient
instrument with which to make the measurements. The scale of the calipers was
tested against the beam-compass without discovering any errors that could affect the
result to as much as 1 in 10,000.

The following is the series of measurements for the longest rods used (Series C),
made by R. T. G. and given as an example of the agreement of the observations.

Calling the rods «, B, v, we found

a. B. v.
inches. inches. inches.
9-389 9:388 9-390
9:388 9-389 9:391

9388 9389 9:390
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It was noticed, however, that two of these rods had been slightly bruised at the
end, thus producing a small lump at one point; when the rods were placed so that
this lump came between the jaws of the calipers an increase of *002 inch was observed
in the length. In the calculations this greater length has been used as the true
length of these two rods. In the shortest rods, series A, the difference in length,
arising from a slight lump on the end of one of the rods, was somewhat greater, being
about "003 inch.

Another series of measurements made in an entirely different manner by placing
first the rods and then the beam-compass beneath a pair of reading microscopes gave
very closely concordant results; these measurements made the rods appear about
‘001 inch longer than the measurements with the calipers. Some difference of this
kind was to be expected from the difference which exists between the contact length
and the sight length of a rod.

In our calculations we have taken the values given by the calipers.

Reducing them to centimetres we have for the lengths of the rods

) centims.
Series A . . . . . . 12-182
Seriess B . . . . . . 15416
Series C . . . . . . 23856

We have thus obtained all the dimensions requisite for the calculation of the mutual
induction between the coils in the three series.

Let us call b the distance between the mean planes; b, of course, is slightly different
in each of the four positions included in each series.

The calculations of M have been conducted as follows :—

If all the windings are supposed to be coincident with the mean windings, and M,
be the mutual induction on this hypothesis

M,= 477'71%’«/KCL{<0—'2;> F—i—%— E}
where
24/ Aa

= s and n, n” are the number of windings ;

C

and F, E are complete elliptic integrals to modulus ¢ (MAXWELL, vol. ii., § 701).
Appendix i, ch. xiv., to the second edition of MaxwrLL's ¢ Electricity’ contains a
table in which the logarithms of M/4my\/Aa are given for values of sin™c¢ from
60° to 90°, proceeding by intervals of 6'. '
The proper value of y= sin™! ¢ is most easily obtained from the equations

r2=(A4a)*+b? ro=(A—a)*+b?

COS y="1y/T}.
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Thus when the coils are separated by the long rods
r2=336564  7,2=712'36
whence
y=62° 36’ 32",
From the table ~
log M/4m\/Aa=15718069

and this gives, taking A as 25750, « as 25760
M,= 761225 X 105,

When, however, the dimensions %, & of the section are too large in comparison with
b to allow us to mass all the windings together, we may use a formula of approximation
due to Mr. H. J. Purkiss (Appendix ii., ch. xiv., MAXWELL, second edition).

Let the suffix 44 denote that for @ is substituted a4h in the corresponding
functions, +£ that 04k replaces b, and similarly for accented letters. Then

Mz%{Mh_‘_ M—h—l_ M:h’+ M—h’+ M/ﬂ+ M—/c+ Mk’+ M_ﬁ;/ - 2M0} .
To calculate these eight quantities in a methodical manner we notice that

rit=r 4+ 2(A4+a)h+h*
rgt=r—2(A+a)h+h?
&e.

and that consequently we have to add in each case a correcting square, and add or
subtract a correcting product. The corresponding y is found, and the rest of the
calculation effected just as for the mean windings.

When the coils are separated by the long rods the greatest and least values of y are
y-_4=63° 26" 54", and y;=61° 46" 56", the final value result being

M=-761921x 108

Tt thus differs by nearly 1 in 1000 from the uncorrected value.

The values of b differ slightly according to the four positions of the coils, and
a slight correction has to be made in the values of A, a assumed above.

It therefore becomes of importance to determine the correction in M to be made
for the addition of ‘001 centim. to A, a, or b.

Since cos y=my/r, it. follows that

S;y=28yy="001(A+a)/rftany in circular measure.

This gives for the long rods.
dyy=164".
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Again
Syy="001(r—r2)/r/*r, tan y
whence
Syy=—316".

From the tables we find that when y=62° 36, the difference in the value of
log My/4my\/aA for an addition 1” to y is 77X 1077; that is, since SM=208M, very
approximately, ’

8.M/M=_" 477 X 107X 164" log, 10 =000048

SM/M=—77 x 107x 316" X log, 10 = —"000041

The true values of the radii are A=25'753, a’=25766. The correction on this
account to the value of M is therefore 9 X 000036 X 108="000324 X 10°%.
- The corrections to be applied to b are:—In position 1, —*008; in position 2,
-+°016 ; in position 3, X006 ; in position 4; —-013.

Making similar calculations for the medium and short rods we can present the values
of the mutual induction thus:

TaBLE giving values of the mutual coefficient of induction between the coils,

P o i, Bgrimesd. | Bl | Dot

1 1:55636 x 108 125797 x 108 762107 x 108

2 1-55430 x 108 1-25649 x 108 761321 x 108

3 1-55539 x 108 1-25727 x 108 761735 x 108

4 1:55744:x 108 125875 x 108 762521 x 108

Mean of the four . 1:55587 x 108 1-25758 x 108 761921 x 108

Error in M produced by an

error ‘00l inaor A . . *000063 x 108 ‘000052 x 108 000036 x 108
Error in M produced by an ,

error ‘001ind . . . .| —000108x108 —+000078 x 108 —-000041 x 108

Thus the error produced by an error of ‘001 centim. in b lies between ‘005 and 006
per cent., and the error in the measurement of b is certainly not more than ‘001 inch
or ‘0025 centim.

Since the rods used to separate the coils were not exactly of the same length, the
median planes cannot have been exactly parallel. The difference in the length of the
rods is not as much as *005 centim.

The radii of the coils are approximately 25 centims., and hence the angle between
them is not as great as $2% or 735590
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If we remember that when the coils are parallel the value of M is a maximum, so
that the error due to the small angle between them depends on the square of the
angle, it is clear that in our case thig error is vanishingly small.

The galvanometer also was designed by Professor MAXWELL, and wound by Professor
CurystaL. It is also referred to in the article “ Galvanometer,” in the ¢ Encyclopzedia
Brittanica,” 9th edition. The description of it is taken from his account in the
laboratory book, dated July, 1876.

There are two channels of rectangular section, and the following approximate
dimensions :-—-

inches
Depth of channel . Co 1%
External diameter of bobbm o 4
Breadth of channel . . . . . . . 0%
Distance between channels . . . . . 0%}

Fach channel contains 20 layers of thin copper wire and 16 layers of thick, making
about 465 and 202 double turns respectively, so that there are 667 double turns in
each channel, and about 2668 single turns on the galvanometer.

inches.

{Diameter of copper in thin wire. . . . . . 014
Silk and all 82 thicknesses iein . . . . . 13

{Diameter of copper in thick wire . . . . . 029
Silk and all 84 thicknesses iein . . . . . 1}

The two thicknesses of wire were employed in order to fill the channels, and at the
same time permit the resistance of the galvanometer to be reduced to the requisite
amount. The ends of the wires are connected to binding screws on the bobbin marked
A, B, &c., a, b, &c. A to a is one wire, B to b another. In our experiments the coils
were connected up in series, the total resistance being about 60 ohms at a temperature
of 13”2 C.

The needle of the galvanometer was suspended from the WEBER suspension by
three single cocoon fibres of 60 centims. in length.

The magnet was a small bar of hardened steel 1'5 centim. long, *6 centim. broad,
and ‘12 centim. thick ; its weight was ‘708 grm. The magnet was attached by two
small screws to a brass stirrup to which the mirror was fixed. A piece of brass wire
56 centims. long, with a screw thread cut on it, was fixed to this stirrup at right
angles to the plane of the mirror, projecting equally on either side of the mirror.
Two small brass cylinders could be screwed along this brass wire, and by means of
them the moment of inertia and time of swing of the needle could be adjusted as
required. The stirrup and mirror weighed 6'6 grms.

The galvanometer rested on a solid wooden base of about 18 centims. “diameter, and
this base was supported on three levelling screws,

MDCCCLX XXIII. 2 H
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A graduated circle iz fixed to this stand, and the coils can be turned about a vertical
axis, and their position read by means of a vernier. This was found useful in adjust-
ing the coils parallel to the magnetic meridian. The galvanometer rested on a stone
bracket built into the wall of the room. A scale placed approximately north and
south at a distance of about 259 centims. from the magnet was reflected in the mirror
and viewed through a telescope.

The scale rested on a solid wooden support on the floor of the room. The mirror, about
1'5 centim. square, was a specially good one, selected by a fortunate chance from among
a number in the laboratory. The divisions of the scale were in millimetres, and after
practice these could be subdivided by the eye with great accuracy to tenths. The
scale itself was of paper ; though this material is unsuitable for many purposes because
of the changes produced by the weather in it, in our experiments these changes are of
small consequence, for we require only the ratio of the throw produced by the induc-
tion current to the steady deflection produced by the permanent current ; and the time
which elapsed between the measurements was only a few minutes. Any shrinking or
alteration of the scale will go on very approximately uniformly throughout its length
and not alter the ratio of two lengths, which were never very unequal, as measured
by the scale. After use the scale was carefully compared with the standard metre
at the Cavendish Laboratory and the necessary correction applied to the readings.

The distance between the mirror and the scale only enters our result in the small
correction necessary to reduce the scale readings so as to give the ratio of the sine of
half the throw to the tangent of the deflection. It was unnecessary, therefore, to
measure it with any great accuracy or to take steps to ensure its remaining the same
from day to day; so long as it did not change during the half hour occupied by each
experiment, all the conditions required by us were satisfied.

The resistance coils.

"The standard coil R has been already referred to; the means adopted to measure its
resistance will be described later.

Its value at a temperature of 14°'6 C. was found in May, 1881, to be 160°821 ohms.

The coil V used as a shunt to the galvanometer was made of thick German-silver
wire. About 450 centims. of wire covered with silk were employed. The extremities
of this were soldered to two stout copper rods with amalgamated ends, connexion with
the rest of the apparatus being made by means of mercury cups; the ends of the rods
were pressed down on to amalgamated pieces of copper at the bottom of the mercury
cups. _ ‘

The value of V was determined by repeated comparison at different temperatures
with the B.A. unit known as “Flat coil” in Professor CHRYSTAL'S report (Brit. Ass.
Rep., 1876). The value of the Flat coil in mean B.A. units was taken from
Professor FLEMING’S recent comparison of the B.A. units at the laboratory. We
have
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Value of Flat coil at 15°C. . . . . 100003
Temperature of coefficient . . . 00028 per 1° C

Valueof Vat15°C. . . . . . . 10015
Temperature of coefficient . . . 0003 per 1° C.

The coil itself is enclosed in a brass case and could be placed in a vessel of water.
This was done during the experiment and the temperature noted by a thermometer
graduated to fifths of a degree centigrade.

The coil S used with the galvanometer, when part of the battery current was sent
through it, was a coil of platinum-silver wire of the ordinary form of about 3000 units
resistance. It was immersed in the same vessel of water as V, and its temperature
read by the same thermometer.

In our first series of observations the total value of the resistance M P Q G H,
was observed and found to be 3072:38 ohms when the temperature of the coil S
was 132,

The value of V at this temperature is 1:0011 ohms.

One extremity of the coil V dipped into the same mercury cup H as one extremity
of the coil S, and the battery was also connected with this cup. The other extremity
of V was connected by means of a piece of copper wire with L, the mercury cup in
which the two portions of the battery current again united. This piece of copper
wire was found to have a resistance of ‘01556 ohm, so that the value of the resistance
in the circuit H'V L is 10167 ohms, at a temperature of 13°2, and the currents in
the two branches H V L and H G M L respectively, will be in the ratio of 3072:38
to 1°0167, so that if ¢ be the battery current, that passing through the galvanometer
will be 5555’

T, as has been explained, was a variable resistance which could be adjusted so as to
keep the difference between the resistance of the secondary circuit and the standard R
sufficiently small to be measured in terms of part of the wire of the bridge E F.

During the experiments T had to be varied by somewhat over half a B.A. unit.
Now T enters with S into the galvanometer circuit. The resistance, therefore, of
this circuit was not quite the same during the observations, but varied by somewhat
over ‘25 ohm from its mean value, 307238 ohms.

The resistances W and U were two coils of about 30 ohms each wound on the same
bobbin, and made of the same wire,

The galvanometer used with the WHEATSTONE’S bridge was one of about 150 ohms
resistance, made by Professor STUART at the mechanical workshops, Cambridge.

Theory of the experiments.

Let R be the absolute resistance of the secondary circuit including the galvano-
meter, M the coefficient of mutual induction between the coils, and ¢ the current in
2H2
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the primary circuit, then the total induced current produced by reversing the primary
21\I’L
1

Let B be the first throw of the galvanometer needle produced by this reversal, T the
time of a complete vibration, X the coefficient of damping, G the galvanometer constant,
and H the horizontal intensity of the earth’s magnetism.

Moreover let 7 be the coefficient of torsion of the suspending fibre.

Then,

oMi_H(147) T B
e G <1+ )

siny L. (D)

Again, let a current ¢ be passed through the same galvanometer directly afterwards,
and let @ be the permanent deflection produced.

Then
., H@A+7)
z_.thﬁ.........(2)
Hence
R R )
T1-|-7—\ v sm’g
9 9
But
i _S+V
7V
Therefore
Te 27 M S4+V tané

<

T )
1DV

T is, of course, the observed time of oscillation.

The correction for the finite amplitude of the swing is too small to produce any
error in the result. No correction for damping or torsion is required.

In the experiments the deflections on the scale were measured, not the angles of
deflection. We require, then, to reduce the scale readings to angular measure.

Let p and ¢ be the scale values of the throw and deflection, z the distance of the
point of the scale vertically below the axis of the telescope from the point which
appears to coincide with the cross wire when the needle is at rest. 2 being measured
in the same direction as p and ¢, let a be the distance of the scale from the mirror.

Thus in the figure (fig. 4) let M be the centre of the mirror, O the point on the
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scale vertically below the axis of the telescope, A the point of the scale which appears
to coincide with the cross wire when the needle is at rest, and B the apparent
extremity of the throw.

Now the scale was carefully set so as to be at right angles to O M, and the distance
O A was always small compared with O B.

Also
OA:=2, AB=p, AMB=28, OM=a.

Hence if we neglect squares of - and fourth powers of £ and Q

angle AMO:f—t

and
A
tan <2,B a>_.. .
Therefore
B_p 11702
sin 9 476{1—--35 i
Also
. 2\_g9+=
<ze+ ) !
hence
_0[_2 ¢
tan 0_—2“{1 o a"}
and
tan 29{ 1192 —8¢* . (p—9)2
gin B B P 320 a
Now the values of p, ¢, 7, and a were such that = p 0% o about *0001, we may

therefore write with sufficient accuracy

tan 8§ 2 11p%— 8¢?
qnﬁ=£<1+_£§2_l>
Siné P

p and ¢ being the scale values of the throw and deflection.

To observe these quantities accurately the following adjustments are necessary.

The scale should be parallel to the mirror when at rest.

The coils of the galvanometer should be north and south so that their plane may be
parallel to the magnetic axis of the needle.

The telescope should be placed so that its axis and the normal to the mirror, when
at rest, may be in the same vertical plane. If this is the case the division of the scale
which appears to coincide with the vertical cross-wire will be that just below the axis



238 MESSRS. R. T. GLAZEBROOK AND J. M. DODDS ON THE

of the telescope, supposing, as in our case, the telescope is placed so as to look just
over the edge of the scale.

In making these adjustments the scale and telescope were first fixed so that division
250 —the middle of the scale—was vertically below the centre of the object-glass of
the telescope ; the galvanometer was placed in position and levelled, and the telescope
adjusted to view the image of the scale in the mirror.

Then telescope and scale were both moved until the division of the scale which
coincided with the cross-wire was close to 250. When this was the case the normal
to the mirror and the axis of the telescope were nearly in the same vertical plane.

The scale was then turned in a horizontal plane until its two ends, equidistant from
division 250, were also equidistant from the mirror, taking care at the same time that
the image of division 250, the centre of the scale, remained close to the cross-wire of
the telescope.

The scale was thus put at right angles to the normal to the mirror.

A long bar magnet resting on a pivot at its centre was then supported close to the
scale, and it was found that the scale was very nearly parallel to the axis of the
magnet, the error was certainly not more than 20,

Thus the scale has been set very approximately north and south, and since the
mirror is very nearly parallel to the scale, it is also nearly parallel to the axis of the
galvanometer needle. Hence, if we set the coils parallel to the scale or mirror they
will be very nearly north and south, and their plane will be approximately parallel to
the axis of the needle.

A piece of plate glass can be screwed on to the galvanometer in a position very
nearly parallel to the coils. This was done, and the reflection of a lamp placed just
below the telescope was observed, the galvanometer coils were turned until this
reflected image was seen in the centre of the field of the telescope. Thus the galva-
nometer coils were placed very nearly north and south. The reading of the vernier
attached to the galvanometer was noted, and by means of it the coils could readily be
brought back to the same position, or placed at any required angle to the meridian.

The adjustments thus described were of course only approximate, but it is easy to
show that the method of experiment eliminates any small outstanding error.

Let us suppose the coils are inclined at an angle « to the meridian. The effect of
this is merely to change G into G cos « in both the equations (1) and (2), and cos
disappears from the resulting equation. It is better, however, that the field of force
produced by the current in the galvanometer coil should be as nearly as possible
uniform throughout the space through.which the needle moves in the throw and
deflection respectively. This condition is best satisfied if the needle when in equilibrium
is parallel to the coils.

Let us now suppose that the scale is inclined at an angle y to the plane of the
mirror. Let p; and p, be the scale values of the throw to the right and left of the
resting point,
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Let A O B (fig. 5) be the scale, O M the normal to the mirror, draw A’ O B at
right angles to O M.

Then A O A’=y; let A and B be the observed extremities of the throw or
deflection ; @ its value in angular measure ; let M A, M B, cut A’ Bin A’ and B/, and
let p be the true scale value of the deflection, then

A'O=0B'=p
AOM=MOB=24

Draw O C, O D perpendicular to M A, M B respectively.

Then
OC=0A’cos COA’=0A cos COA
Thus
p cos 20=p, cos (20+7)
Similarly
P eos 20=1p,(cos 20—1y)
Therefore

2p= (Z’rl‘]’z) cos ')/—(201-—2)2) tan 26 sin v

Now p, was always very nearly equal to p,, and 20 and y are both small.
Hence very approximately indeed we have

]3:__291;-232 cos y
Similarly
q=9'1‘2"92 cos y

Thus, by observing deflections right and left and taking the mean, we get a value
for the ratio of p/q which is independent of an error in the azimuth of the scale, much
greater than anything possible in the actual experiments.

If the magnet be not parallel to the mirror the angle turned through by the mirror
is still that turned through by the magnet ; the fact that the magnet and mirror were
very nearly parallel afforded a ready means of setting the plane of the coils in the
magnetic meridian,
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The time of a complete vibration was measured in the usual way by noting the
times of 8 or 10 transits of the resting point over the cross wire of the telescope,
then waiting for the period occupied by some 10 or 12 oscillations and again observing
the times of 8 or 10 transits. The value thus determined requires reducing to that
for an infinitely small arc.

Now we know that if during the observation the arc of oscillation change from
a, to a,, and if T" be the observed time of oscillation, then

S PR R L W
T=T «{1 8<sm 4-}— sin 4>}

neglecting higher powers.

In the observations the value of «; was about 8° that of e, about 1°30’, the
correction thus amounts to *000025 and is quite inappreciable.

The value of X was obtained by setting the needle vibrating, the secondary circuit
being closed, and observing a series of resting points. If p,, p, be the amplitudes of
the first and n™ vibration we have

_ L v (n
)\_n—l log, <]0,L>

Two independent observations of 17 vibrations gave

P1 19913 and 1-2909
Py

‘Whence
A="0159

R is the absolute resistance of the secondary circuit; this is very nearly but not
quite equal to R, the resistance of our standard coil, and the difference between the
two can be expressed in terms of the resistance of the wire of the B A bridge. This
wire is 1 metre in length, and is divided into millimetres; let p be the resistance of
1 millim. The wire is graduated from E to F, (fig. 1); let G, be the position of the
sliding contact piece when there is no current through the galvanometer, P P, Q Q,
and M N being connected.

Let
EG,=« millim. FG,=v millim,
R is the resistance of the circuit Q' Q G BN M P P".
Hence
Rtep W
R+yp U

Now interchange U and W, and let «" y" be the new values of x and y.
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Thus

R+ap U
R+g/’;;=i7~V
But
aty=a'+y
Hence

R+a’p=R+yp
R=R+('—y)p

A number of experiments were made to determine p, and the value p="000072 B. A.
unit was obtained.
Since p only comes in as a small correction, we may take one B. A. unit as 1 ohm.
Again, the value of R depends on the temperature, and our experiments required
reducing to a constant temperature #,; let ¢ be the temperature of R at the time of
experiment, R, the value of R at temperature ¢, and a the coefficient of increase of
resistance per degree centigrade. Then we have

R=R{1+a(i—1)}

Hence, finally our equation (4) becomes

2 M S+V_ 2g,+4q, 11p* — 8¢ ,
Ro{1+o=(t—-to)}=T<1 })'X v <§’1+§2§{1+-————g%ﬁ}+<w—y>p. - (9)
+ |

2

The experiments were made in the following order :—

The time of swing was observed, the secondary circuit being closed as in the
experiments.

The variable resistance in the secondary circuit was adjusted until the difference
between R and R could be measured in terms of the bridge-wire resistance, and the
values of x y, ' 9’ determined. While this was being done a second observer read
the temperatures of the coils R, S, and V, and the galvanometer G.

The connexion P P/, Q Q" were broken, and P Q was joined. The resting point of
the reflected image of the scale was observed when no current was passing through
the galvanometer. This was done in the usual manner by observing five consecutive
turning points.

The galvanometer needle was brought as nearly as possible to rest by the use of a
damper. This consisted of a coil of wire placed near the needle, through which the
current from a single Liec.ANCHE cell could be passed. By means of a second key a
shunt could be introduced into this circuit so as to allow only a small fraction of the
current from the battery to circulate in the coil. After a little practice the apparent

MDCCCLXXXIIL 21
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oscillations of the galvanometer needle could easily be reduced to a few tenths of a
millimetre of the scale.

When this had been accomplished, the battery current in the coil A was reversed
and the first throw of the galvanometer needle observed. Suppose this was a throw
to the right. By reversing the current at the right instant the needle could be
brought very nearly to rest again, and the small swing that remained was easily
destroyed by the damper. The connexions were then adjusted so that on again
reversing the battery current a throw to the left was observed. A second throw to
the left was observed and then a second throw to the right.

After this another reading was taken of the resting point when no current was
passing.

The connexions were then altered so that a fraction of the direct current could be
passed through the galvanometer, and the position of rest of the needle when the
current was passing was observed. The needle was easily brought sufficiently nearly
to rest in its new position by making the primary contact for a third of the time of
swing, then breaking it for a second third, and finally making it again and leaving it
made.

The resting point was determined while the needle was swinging from the observa-
tion of five consecutive turning points. The primary current was then reversed and a
deflection in the other direction observed. After this a third reading of the resting
point without any current was taken.

The connexions were again altered to observe the throws and four more were taken,
one to the left, two to the right, and one to the left. A fourth observation of the resting
point completed this part of the observations. The secondary circuit was then put into
communication with the WaEATsTONE'S bridge, and the difference between R and R
measured, giving a second series of values of x y, «’ and ¥/, and finally the thermometers
were all read again. ‘

When we had become accustomed to the work a complete set of observations,
excluding the time of swing, took about 25 minutes.

In the first series of measurements the time of swing was only observed twice each
afternoon—at the beginning and end of the afternoon’s work. In the second series it
was taken generally at the beginning of the work and after every second or third set
of observations, that is to say, at intervals of somewhat less than an howr and-a-half.

Throughout the experiments one observer (R. T. G.) read the galvanometer deflec-
tions, while the other (J. M. D. in the first series, E. B. 8. in the second) made or broke
the various connexions as required, and noted down the scale readings as they were
read out by the observer at the telescope.

To obtain from the direct results of the observations the quantities required for
substitution in formula (5), the following method was adopted :—

The means of the temperatures at the beginning and end of the observation were
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taken as the temperatures at the time of the experiment, and the means of the values
of @y, a vy

The alteration in temperature during the experiment was only about *1° or 2° C.
The changes in the values of @ y, &c., during the ohservation were produced by the
variation of the temperature of the secondary coil, which being copper has a high
temperature coefficient. The alteration in the value of a was rarely as much as 300
bridge divisions, and since this change went on nearly uniformly during the experi-
ment, the mean of the two values at the beginning and end will be very accurately the
true value. .

In reducing the scale readings to give the throws and deflections, we had to
remember that owing to the variation in the direction of the earth’s magnetic force,
there was a continual change going on in the resting point of the needle.

In general, this change was only '3 or "4 millim. during the time occupied by a set
of observations, sometimes it amounted to 1 millim. or rather over, and on one or two
occasions during magnetic storms the changes were so violent and sudden that we had
to cease work entirely.

For determining the value of the throw the following method enables us to eliminate
the effect of this change in zero.

Take the mean of the two throw readings to the right, then the mean of the two to
the left, and the mean of the resting point readings, then the differences between the
throw readings and the resting point, or zero readings, will give the throws right
and left respectively, corrected for change in resting point. The difference between the
throw readings will give the value of p,+p, directly ; since, however, the throws right
and left ought to be the same if the adjustments are correct—it forms a test of the
accuracy of the measurements to calculate p, and p, separately.

For the permanent deflection, however, in which only one observation was made on
either side of the zero, the same method is not applicable. The four observations we
have to consider are: zero reading, deflection to right, deflection to left, zero reading.

Suppose the zero is moving from right to left, then, if we take the mean of the zeros
and consider the differences between it and the deflection reading as the deflections
right and left, in each case our deflection will be too great, while, if the zero be
moving in the other direction, the deflection obtained will be too small.

To obviate the difficulty we assumed that the interval of time between each two con-
secutive observations was the same, and that the change in zero was uniform. We
then obtained by interpolation the values of the zero readings at the moments of
making the deflection observations. The differences between these and the deflection
readings gave then the true deflections right and left, ¢; and g, respectively, the whole
correction being a very small fraction of the measured deflection.

The second series of throws were then treated in the same manner as the first, and
a second pair of values of p, and p, obtained. These generally differed somewhat from
the first, for the electromotive force of the battery-—a combination of DANIELL'S cells

21 2
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—was not absolutely constant throughout an experiment. Now the observations of
deflection refer to a mowment of time about half way between the two throws, so that
the mean of the two values of p,+p, will give us the value of that quantity corre-
sponding to the value of ¢,-¢, obtained for the deflections.

For the first series of ohservations the difference in the values of p, before and after
the deflection reading was sometimes, but not often, as great as 1 millim. in a throw
of about 215 millims.

A copy of the observations requisite for one experiment will perhaps render the

above details more complete.

OpsErVATION No. IT., June Sth, 1881, 1145 a.m. Observers, R. T. G., J. M. D.
Time of swing 237:277.

Bridge reading value of « {U, W direct }500
’ ” @' LU, W interchanged J 410
Temperature.
R 13°7 S 13°7 Galv. 14°5

Scale observations.

Zeros 2355
227°5
235
2278
235

Left. Right.

Throws 70
455
4545
78
Zieros 225
238
2252
238

2252
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Left. Right.
Deflections 872 3648
945 377
875 364°8
94:6 377
878 365
Zeros 2378
224-2
237°5
' 2245
237
Right. Left.
Throws 4542
60
65
454
Zeros 2345
227
234°2
227
234
Temperatures.
R 18°7 S 13°8 Galv. 14°8
Bridge reading value of & {Direct }630
’ ’ a’ UInterchanged J 540

Battery: four ordinary DANIELL'S in series.

From these observations we obtain the following value for the zero and deflection
readings :(—
Zeros 2314 231°5 230°8 230°6

Left.  Right.
Deflections 910 3709

Thus the mean zero for the first throw is 231°45, and combining this with the
observations of the throw we get
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Pp=454"75—231'45=223"3
Py==23145— 74 =224'05

While for the second throw the zero is 2307, and the values are

py=454'1—2307 =2234
Py=2807— 6'25=224"45

Thus the mean value of p, for the experiment is

22335

and of p, .
22425

These numbers require correcting for scale error.
The correction to p, is
+12
that to p, is
410

so that
- py=224°55 millims.

Py=22525 millims,

The difference between them being only ‘7 millim. it is clear that the adjustments

are all right.
Before taking the deflections the zero reading was 2315, after taking them it had

become 2308, Thus interpolating, the zero reading at the moment of the deflection
to the left was 231'3, and we find

Gy=231"3=-91'0=140"3

while at the moment of the deflection to the right the zero reading was 231°1, and,
hence,
,=370"9—231'1=139-8

Correcting for scale error we have

¢, =1406 millims,

75=141"1 millims.
We have also
Mean value of temperatures—

R 13°65 S 13°7 Galv. 1465

Mean valuex . . . 565
2 . . . 475

35
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We proceed now to give in tabular form the results of our first series of experi-
ments made in June, 1881.

f }71+]92 ql
2

values of 2 and ', and the time of swing. The corrections introduced by the varia-
tion in the temperature of S and the galvanometer we shall show, when we come to
discuss the results, are so small that they may be neglected. We may, therefore, treat
the results throughout as if the temperature of S were 13°2, and that of the galvano-
meter 14°,

The battery used in all cases was four DANIELL'S cells.

The average difference between p, and p,, irrespective of sign, was about ‘32 millim.,
in one case only was it as great as *9 millim. ; it is hardly necessary, therefore, to give
both p, and p, in the table.

The rods used to separate the two coils, primary and secondary, were the same, but,

as has been explained, the coils were placed in each of four positions, numbered
respectively I, I1., ITL, and IV.

The table will contain the values o +(12 , the temperature of R, the mean

Tasre 1.

|
Position. Mean throw. Mean deflection. T. Temperature R. x. 1 2.

;
(22610 14215 23277 151 670 590
22625 142-40 152 583 500
_ 22300 14025 151 420 350
I 222-70 139-70 23250 152 540 470
224r55 14140 23277 13'8v 690 600
224-90 140-85 137 440 355
22365 140-30 13-7 750 665
I1. 222:80 140-20 139 505 420
22225 139-85 139 - 265 175
21800 137:05 142 770 670
IIT. 21760 136-90 142 480 390
21750 13670 14-3 325 240
21605 13585 14:3 778 680
IV. 216-10 18555 145 532 440
21585 13550 23:274 145 400 310

The first four observations were made on June 7th, 1881, the last eleven on
June 8th.

For the first four observations, therefore, we take the time of swing as 28”264, for
the last eleven as 237°275.

The mean temperature of R during the experiments is about 146 ; we take this
then as the value of ¢, The temperature coefficient of R-—a platinum-silver coil—
may for the small range considered be taken as *0003 per ohm per degree.

Thus the values of the constants in the formula (5) for R, are
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ty=14>'6 a="0003
7="0007 A="0159
a=259 centims.
p="000072 ohm.

S4+V 307339

VT 10167

while giving p and ¢ their mean values for the whole series of experiments, the term
11p*—8¢®
{1—!———£——~q—} comes to 1°0018

32a?

As we have explained, the value of M is slightly different for each of the four
positions.

The methods used to determine have been explained ; the values obtained were

M,=155636

M,=155430

M,=155539

M,=1-55744
where the suftixes refer to the positions.

Table 1I. gives the results of the calculations. As the results stand there, the
negative errors are fewer in number than the positive, the two greatest errors being
negative.

The greatest of these is 453, which is about 1 part in 350.

TasLe 11

|
Position, | Ryinohms | Emerhom | B | e ot e, | oo
(1 15882 147 N
|| 15898 o7 ||
15884 16 ' . . .
L QI FE _os (b 158673 047 029
, 15870 037 |
U 13892 —453 )
15827 —297
1L 15868 103 158567 —059 —+039
158'76 193
15869 093
IIL 15877 173 158597 —029 —018
158'33 — 267
15887 241
v. 15851 —119 158629 003 +-002
15851 —119

Meanvalue . . . . . . . . . . . . . . 158626 ohms.
Mean error of mean of each from mean of whole . . ‘037
Mean percentage error . . . . . . . . . . . 023
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We shall retain the whole series of observations and take as the resistance of our
standard coil R at a temperature of 14°:6 C., the value

earth quadrants
second

158626

It remains now to explain the method used to determine the values of the
resistances.

For this purpose the coils in a post office resistance box, made by Messrs. ErLIoTT
Brothers, were compared with the standards at the Cavendish Laboratory. The
1 unit coil of the box was compared with the coil known as Flat in Professor
CHRYSTAL'S report, then the 1-unit 4Flat were balanced against the 2-unit coil of the
box, then this 2-unit against the second 2-unit, which we will denote by 2’, then
14242 against the 5-unit coil, and so on.

In this manner all the coils between 1 and 2000 B.A. units were compared.

The British Association wire bridge was used in making the comparison.

In the ordinary use of this (CAREY-FosTER'S method) the two coils to be compared
are connected to the ends of the bridge wire and a measurement taken, the coils are
then interchanged and another observation is taken, and from these two the difference
between the coils is expressed directly as the resistance of a portion of the bridge wire.
We, however, could not apply this method, for, calling P and Q the coils to be com-
pared, since P and Q are coils in the same box, one end of P is always in electrical
connexion with one end of Q. The following arrangement thevefore was adopted :—

Two coils of known resistance were connected one to each end of the bridge wire,
while P and Q formed the other arms of the bridge. The coils actually used were
those marked F' and G in CHRYSTAL’S report.

The sliding contact was adjusted till no current passed through the galvanometer,
and its position noted.

Let a4 be the resistance of the portion of the wire connected with F, a—ux of
that connected with G, so that 2« is the whole resistance of the bridge wire. Let
14-8F, 148G be the resistances of F and G at the temperature of the observation.

3F and 3G are very small.

At 14°
OF=—'00084 ohm

SG=—-00112 ,,

Then we have
P_1+3F+a+w

QT 1+8G+a—a
Interchange F and G and let " be the new value of x

P 1+8GH+a+a
Q  1+0F ta—a
Whence x4+ o’ =8G —3F.
MDCCCLXXXTII. 2 K
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Thus  and «” are exceedingly small, and if we neglect squares and higher powers

of 8F, 8G, x, and 2/, we obtain

(1) 75 t=a—a

Now a="036 mean B.A. unit.

If then we know Q, the value of P can be found from the observations of « and «'.

Two series of observations were taken, one by R. T. G. the other by J. M. D., each
observation in each series being the mean of 2 or 3.

' The extreme difference between the two series was in no case more than 1 in 3000.

The box remained in the room for some time before taking the observations, and
the temperature was supposed to be that of the room as indicated by a thermometer
laid on the box. A small correction was made for the resistance of the copper rods
which connected the box to the bridge and the plugs in the box. This was deter-
mined by one observer (R. T. G.) only, so that any error in it will affect both mea-
surements equally. We shall show, however, shortly that it cannot affect the value
of the B.A. unit as determined from our measurements. Having thus obtained the
values of the resistances in the box in terms of the B.A. standard units, the value of
R, in these units was determined by the ordinary method. We found thus the mean
of several closely concordant measurements

R,=160821 B.A. units

the temperature being 14°°6 C.
The resistance S of our secondary circuit and galvanometer was determined in terms -
of the coils in the same box, and we found

$=3072'38 B.A. units
at a temperature of 13°:2 C. ‘
Owing to the difficulty of determining the value of the resistance of the plugs in
the box and the copper connecting pieces, either of these results may possibly have an
error of about 1 in 1500. Now the value of S enters into the value of R, in absolute
units and affects it in the same way.
To determine the value of the B.A. unit we require the ratio

, earth quadrant

v,
0 second
R, in B.A. units

Tts value 1s
158626

160821 ohms.

Whence we get .
1 B.A. unit ='98635 ohm

But the error we have been considering affects in exactly the same manner the
numerator and denominator of this ratio. If in consequence of it one is too great so
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also is the other in the same proportion. Thus the accuracy of our result is not
impaired by the uncertainty of this correction. In fact, although to determine the
resistance of our coil R in absolute measure we require to determine accurately a
ratio of 1 to 3000, and this determination has generally been held to be one of the
main objections to our method, yet to determine the value of the B.A. unit we have
in addition to compare a ratio of 160 to 1. Thus, in fact, to determine the value of
the B.A. unit, the ratio to be compared is 160 to 3000, or about 1 to 19, and this is a
much easier experiment to make.

Our 160 and 3000 have both been expressed in terms of the resistances of the box,
and even though there may be some considerable error in the actual values of these
resistances, the error in the ratio of any two of them is a quantity very small indeed.

In conclusion, we would refer to another objection which has been made to the
method. Nearly the whole of the battery current is allowed to flow through the
coil V, whose resistance is about 1 ohm ; the effect of this must be to heat V and
alter its resistance, thus producing error. We shall show that the error in our case is
vanishingly small.

 The electromotive force of the battery was at most about 5 volts, and the total
resistance of the primary circuit was about 80 B.A. units. The coil V was of German-
silver wire, about 450 centims. being used to make it ; the wire thus was very thick,
its radius being ‘06 centim. The wire, silk covered, was loosely wound in a coil and
enclosed in a brass case, which was immersed in water. (

From these data we find that the amount of heat developed per minute in the coil
will be 055 unit.

If we suppose all this heat to be retained, the rise of temperature will be 015° C.
per 1’, and the increase of resistance ‘0000045 B.A. unit, and this will be too small tc
affect our results. As a matter of fact, it is clearly impossible for all the heat to remain
in the coil, and the correction is, @ fortior:, too small to be considered.

During the second series of experiments a hole was bored in the brass case of the
coil and a thermometer inserted. The thermometer agreed throughout in its readings
with that in the water bath in which the coil was immersed.

Thus we conclude as the final result of this series of experiments that the value of
the B.A. unit is *98635 ohm.

The agreement between the individual experiments of the series is remarkable.
They are, however, open to the objection that the conditions under which they were
taken remained unaltered in some essential particulars. Thus the rods used to
separate the primary and secondary coils were the same throughout, while the battery
was also the same. It was decided, therefore, to make a gecond series of observations
in which these quantities were varied. This was done during November and December,
1881. Mr. Dopps had left Cambridge, and his place was taken by Mr. E. B. SARGANT,
of Trinity College.

2 K 2
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Parr II.

Profiting by our past experience, the arrangement of the apparatus was modified
slightly.

In Part 1., as has been explained, one electrode of the coil V dips into the mercury
cup H, while the other is connected by means of a piece of copper wire with the cup L.

In Part II. the mercury cups and resistance coils were so placed that the second
electrode of V dipped directly into the cup L ; the piece of copper wire between the
two, therefore, was dispensed with.

Again, in fig. 1 it will be seen that between P and M in the secondary circuit
there is a variable resistance T, used to adjust the resistance of the circuit until it
balanced R. :

This variable resistance formed a part of one of the two paths open to the current
when measuring the deflection, and, as we have said, renders the exact proportion
into which the current was divided in each experimenti uncertain to the amount of
about 1 in 6000.

In fitting up the apparatus for Part IL., T was placed between B and N. As before,
the resistance of the secondary circuit could be adjusted, but that of the primary
remained unaffected by alterations of T, which in this part formed no portion of it.

Three sets of rods were used to separate the primary and secondary coils, we shall
call them A, B, and C, respectively. The rods A were those used in Part I.

With the rods A three different electromotive forces were used; the batteries
employed being respectively four ordinary DANIELL’S, two ordinary DANIELL’S, and five
THOMSON’S tray DANIELL’S.

In position B we had five THOMSON’S-DANIELL’S, and in position C five THOMSON’S-
Daniery’s and six THOMSON’s-DANIELL'S.

As before, the coils were placed in positions I., IL, IIL, and IV., but the order
of taking the observations was somewhat varied. In Part L. three observations were
taken in each position without altering the coils; in Part IIL., however, after taking one
observation in position L., one of the coils was reversed so as to bring them into posi-
tion II., and an observation made; the other was then reversed, and so on, and after the
four measurements had been taken the whole series was repeated. This method
necessitated rather more handling of the coils than the other; it had, however, the
advantage that each set of four observations was taken under more nearly similar con-
ditions, while, in consequence of the more frequent setting of the coils, the error due
to any one chance bad setting was reduced. The time of swing was observed more
frequently, being taken twice and generally three times for each set of four. The times
corresponding to the mean throw and defléction are given in the table, being obtained
by interpolation from those actually observed.
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Table IIL gives the same observations for Part II. as are given in Table I. for
Part I

With reference to the table we must notice that the experiments were not always
made in the order I, IT, IIL, IV., and therefore the times of swing in the column
headed T are not in order of magnitude. Thus, in the second set, the real order of the
experiments was IL, I, I, IV., and in this order the values of T increase uniformly
by 07°005. In the experiments with two DANIELL’S, experiment 1V. was made on
November 16th, experiment II. on November 18th, and experiments IIL and I. on
November 21st.

TasrLe III.—Series A.

s le | M doubl F T tur ,
Battery. Position, Me:‘ﬁrg;?b e cfgi'llle ctci'g n'e T. emplt%tﬂa ure @, &,
1. 359-1 29335 | 23'384 13-4 495 400
4 DANIELL'S II. 3604 2945 23-384 127 640 555
. I11. 36275 2952 23-386 128 630 540
IV. 3619 2953 23-388 131 615 525
1. 3642 227:35 23-415 134 350 270
4 DaxrmLy 1I. 36455 2277 93-410 134 300 215
IBLL'S . 111 3594 2938 23420 133 615 530
V. 35245 220°2 23495 130 565 455
T. 4512 2808 23-373 119 510 420
5 TrHoMSON'S 1. 4532 92819 23-367 118 420 330
. IIT. 4522 2804 23380 12:2 525 435
V. 4509 |- 2808 23-378 121 515 430
1. 19055 1191 23386 12:4 575 490
2D , 1I. 1918 119-8 23-405 134 415 335
ANIELL'S . T11. 190'75 1188 23-382 128 | 805 715
Iv. 1913 1196 923-391 134 570 490

TasLe III.—Series B.
Battery. Position. Metgrggv"’b]e M(f:‘ﬁleg‘(i’gge T. Tempﬁfature . @,
L. 3745 287:95 93344, 116 630 545
5T , 1I. 37325 2865 23-355 119 895 800
HOMSON'S . T1I. 3751 2883 23322 108 415 335
V. 37415 2869 23:333 112 780 700
1. 3709 2856 23406 126 575 485
5T ; II. 3720 2863 23-405 125 465 385
HOMSON'S . IIL. 369:15 28515 23-407 13:0 480 380
IV. 3705 | 2862 23-406 12:8 505 415




254 MESSRS. R. T. GLAZEBROOK AND E. B. SARGANT ON THE

TaBLe IIT.—Series C.

Battery. Position. Mes:lr;rgg;'xble Nﬁﬂ&?gﬁ}e T. 'l‘empf{ature @ @'

I. 2274 289-8 23-379 12+4 560 420

e 1T, 2296 2094 | 93382 125 655 575

5 Trouso’s 11, 2280 | 2007 | 23384 | 128 705 620
Iv. 2282 2005 23381 130 690 605

I. 252:9 3219 23-389 136 555 485

: 1T, 253-1 3234 | 23391 133 545 475

6 Tmousox’s T, 2547 3939 93393 . | 132 445 340
Iv. 2502 3189 23395 129 425 335

I. 24325 | 31095 | 23381 13-4 950 860

: 11, 2428 | 3098 | 23374 127 680 590

6 Tromson’s TII. 24075 | 3071 23-392 140 | 915 830
Iv. 24065 | 30685 | 23384 138 280 190

These direct experimental results require to be substituted in our formula in order
that we may obtain the values of R, The coils were placed in the four positions
I. to IV. in order to eliminate any small unknown error in the position of the mean
plane.

Now our first series of experiments have been sufficient to show that this error
must be exceedingly small, and the result obtamed by taking the mean of the four
will certainly eliminate it.

Instead, therefore, of giving the value of R, for each position, we shall only calculate
the mean value for each set of experiments, using, of course, as our value of M, the
mean of the values M,, M,, M,, M,.

The correction for damping is the same throughout the whole series of observations,

11p? —8¢? . . .
the value of 1+——%1?CL2—Q, of course, differs for the different currents used; it therefore

is included in the table.
The value of M for each of the three series A, B, C, is also given in the table.
The value of \ found from a large series of closely concordant measurements was

A="01368

In these experiments the temperature was somewhat lower, generally, than in
Part I, so that the mean value of the temperature of R was about 12° and ¢,=12°.
The distance between the mirror and the scale was different, and we found

=218 centims.
also
a="0003

p="000072 B.A. unit
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o being the coefficient of increase of resistance of R per B.A. unit per degree, p the
resistance of 1 millim. of the bridge.

The values of the resistances S and V were different from those in Part I., for the
piece of copper wire which was included in the value of V in Part I. had been
removed while the variable resistance T was no longer in circuit with S.

The values employed in the calculations are

V= 100096 units.

S=3059'89 5
so that :
V+S_ 3060-891

V T 100096

The temperature of V and the 3000 ohms, which was in the same water bath with
it, being 12° that of the galvanometer 18>5 ; this latter temperature being the mean
of the temperatures of the galvanometer during the observations,

As before, we shall describe later the methods used to determine these values.

Table IV. gives the results of the calculations.

The mean value of R, deduced from it is

earth quadrant
second

As we shall see afterwards, the value of Ry in B.A. units is 160°520.
Thus

158386

158386

1 B.A. unit =106 ohms
='986706 ohm.
TasLe IV.
R Error inR, | M lue | E ’
Series. | Battery. M. l_lg_?;ﬁg R, in ohms. frzﬁlr:ll;ano :fa ﬁovf?;:;l ¢ f:gg Pex:;ilgiage
820/ of series. geries. mean. :
4 D. ‘00167 158233 —'158
4 D. . ‘00167 158:472 081 . -, .
A 5 T, 1-55587 x 108 00263 158296 —095 158391 005 003
2D. ‘00045 158564 173
5 Ta. . ‘00136 158171 —099 1 o= . ,
B{ o I }1 25758 x 108 { 00136 | 136808 | T-o08 | l5E70 | —116 | —or2
5 Ta. —+00019 158397 —061
C 6 Ta. 762092 x 108 —-00015 158:301 —157 158458 072 ‘045
6 TH. —'00015 158676 218

Mean of whole series 158386 ohms.
Mean error for each series ‘064.
Mean percentage error *040.
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Taking each series separately, the values we obtain are

Series A 98673.
,, B 98598,
,,  C -98716.

The greatest difference is *00118, or about *12 per cent.
~Again, if we refer to the Table IV., we cannot find any clear indication of an error
depending on the length of the rods used to separate the coils. The values of R, in
series B are, 1t is true, somewhat small ; there are, however, two values in series A
and one in series C which are smaller than one of those in series B.
Neither do we find any connexions between the differences and the electromotive
force used. Arranging the values in order of electromotive force, we have

2 DaNtgLr’s . . . . 158564 . . . . 1 experiment.
4 ’ . . . . 1583852 . . . . Meanof 2.
5 THOoMsON'S . . . . 158209 . . . . » 4,
6 ., . . . . 158488 . . . . » 2.

We must notice, however, that only one experiment was made with the smallest
electromotive force.

It will be instructive to arrange the results in order of magnitude, noting the
series, the battery, and the date of each experiment.

‘We have
Date. R,. Series. Battery. Error. Percentage error.
Dec. 2. . . . . . . 158171 B 5 TroMSON’S . —215 —135
Nov.16 . . . . . . 158233 A 4 DanirLL’s., . — 153 —-095
s 20 0 158296 A 4 ’ .o —+090 —-056
by 25 . . 158:301 C 6 TmoMsoN’s . —+085 —053
Dec. 2 e e e 158-368 B 5 ' . —-018 —-011
Nov.23 . . . . . . 158:397 C 5 s PN ‘011 ‘007
,w 18 o 00 158472 A 4 DANIELL’S. . ‘086 ‘053
, 16,18,and 21 . . 158564 A 2 ' .o 178 ‘111
s 28 o . 0 .. 158'676 C 6 THOMSON’S . 290 181

An inspection is sufficient to show that there is no definite order in any column
but the second with the fifth and sixth, which are consequences of it. The greatest
difference between any two experiments is 505, and this in 158 is rather less than
1 in 800, or about *32 per cent.

Of the actual errors of each experiment from the mean, five are negative and four are
positive ; the mean error itself is only *125; the mean percentage error is ‘078.

The number of experiments made is too small for the calculation of the probable
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error to have any value, but the distribution of errors round the mean is satisfactory,
and the mean percentage error is very small, if we consider the complicated nature of
the observations and the variation in the important conditions.

We turn now to the measurement of the resistances of the coil used in Part II. and
their comparison with the B.A. standards.

Tt will be remembered that in the comparison between the coil Flat of the B.A.
units and the 1 ohm of the box used in Part I., the correction to be made for the
copper pieces connecting the"box to the wire bridge and the resistance of the plugs
was thought to introduce some error, which, however, it was shown would not affect
seriously the value of the B.A. unit. To reduce this error the l-unit coil of the
box was not compared directly with the B.A. standard. Lord Ravreier had had
wound two 5-unit coils and one 10-unit, which had been carefully compared by him
with the B.A. units. The comparison was repeated by one of us (R. T. G.), and the
differences between the two results were found to be so small that we could use either
value with all the accuracy required.

Thus the values at 12° were

5 units {4'99392 SR Lord RavrecH.
499376 . . . . R.T G.

10 units 998360 . S Lord RavyLrigw.
998393 . . . . R.T G.

The second 5-unit coil was only measured by Lord Ravrnercm and Professor
FreminG ; it belonged to the latter, and had been taken away by him before our
comparison was made. '

A third 5-unit, denoted afterwards by 5, however, had been constructed for the
laboratory to replace it, and its value was found to be 500890 at 12° C., while
Professor FLEMING’S coil had a resistance of 5:02444. Lord RayrLEreH’s value of the
10 units was found by comparison with the 5 units 4 FLEMING'S 5 units in series ;
our value was obtained by comparison with 54-5". The close agreement between the
two results is sufficient test of the accuracy of the comparisons.

In determining the values of the resistances of the boxes, we started from these
5 and 10-unit coils. Two boxes were used—one by Messrs. ELLiorT Brothers, No. 229,
the other by WARDEN and MuIRHEAD, No, 202. The 10-unit coils in each of these
boxes were compared with our 10-unit standard, using the modification of CAREY-
FosTER’s method already employed to compare R and the resistance of the secondary
circuit. Then 20 units in the box, made up in three different ways (viz. : by taking
out (a) plug 20; () plugs 10 and 10°; (¢) plugs 1, 2, 2, 5, and 10), was compared
with the 10-unit and two 5-unit standards in series. ‘

A large number of determinations were made both by R. T. G. and E. B. S. on
different occasions. The various values obtained for the ErrLiort box, reduced to a

MDCCCLXXXIIT, 2 L
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temperature of 12° are given below ; the temperature is that recorded by a thermo-
meter laid on, or on some occasions inside, the box. Kach number is the mean of
three or four measurements taken at the same time.

Plug out. Value. Observer.
9:9903 R.T. G.

10 9:9902 R.T. G.
9-9890 E. B. S.

9-9887 R.T. G.

10 9:9907 R.T. G.
9:9908 E.B. S.

14+242+5 99870 E. B. S.
20 {19-9772 R. T. G.
19:9775 E. B. S.

10410’ 19:9769 R. T. G.
1-10 19:9756 R. T. C.

For the WarDpEN and MUIRHEAD box the differences between two sets of experi-
ments were quantities of the same order as here.

The two boxes were then placed at opposite ends of the bridge-wire, the other two
arms of the WHEATSTONE's bridge being the pair of 30-ohm coils used in the previous
part of the experiments.

The 50-unit plug was taken out of one box, and out of the other all the plugs from
1-20. The difference between these two nominal 50 units was thus obtained. Then
plugs 120 were taken out of the first box, and the 50 units out of the second, and
another difference obtained. In this manner the values of the coils 50, 100, 100, and
200 were obtained.

After this the differences between the two boxes became too large to be measured
in terms of the resistance of the bridge-wire, and recourse was had to the method
employed in Part I., by which one coil in a box was compared with a combination of
coils in the same box.

Two coils, each of about 5 ohms, were connected with the ends of the bridge-wire,
while the coils to be compared, P and Q, formed the other arms of the bridge.

Let 54a, 5+ be the resistances of the two 5-ohm coils, and let «, y, 2, ¥ have
the usual meanings.

Then
P_b5+ate
QT 5+B+y
Intercharge the 5-ohm coils
P_5+B+2



VALUE OF THE BRITISH ASSOCIATION UNIT OF RESISTANCE, 259

Hence
P_ ., #=B+ta—y
Q_1+ 5
_q_e2—=B—a+y
=1 —

2 ,
neglecting (g) and such terms.

Now the values of the 5 units being known, we know « and 8, and we find at the
temperature of the observation

=B
5

='0061
Hence
—0J- r—y
P—Q_Q{ 0061+ }

and

P—Q=Q{”:y'-—~ooe1}

The values of z, y, &c., actually obtained were such as fully to justify the neglect
9 .
of <§> and such terms. By this means the values of the 500, 1000, 1000’, and 2000-

unit coils in the ELLI0TT box were determined.

Having thus determined the values of the resistances of the box, they were used to
determine that of R in the following manner.

R was connected with one end of the wire of the bridge, and the two boxes in
multiple arc with the other, two 30-unit coils forming as before the third and fourth
arms.

170 units were then taken out of the WARDEN box, and the ELr1oTT box adjusted
until the difference between R and the total resistance of the compound circuit formed
by the two boxes could be measured in terms of the bridge-wire. This was the case
when 2920 units were out of the box. The actual value of these resistances at 12° is
known from our table of resistances of the box. Making the correction for temperature
and for the difference between R and the multiple arc resistance, we find

R,=160"602 B.A. units.

A second determination, in which 180 units were out of one box and 1490 in the

other, gave .
R,=160"570 B.A. units.

Each of these results is the mean of several experiments.
We may take, therefore, as the value of R, th_e mean

R,=160"586 B.A. units.

The value of S, the resistance of the circuit through which the fractional part of the
2 L2
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current ran when the deflection of the galvanometer was observed, was determined by
direct comparison with the ErLrort box.
The values
3060'71 B.A. units
and
806090 B.A. units

were obtained as the means of several determinations on two different occasions.

The mean 1s
S=3060'80

The value of V was determined by comparison with the B.A. coil Flat, using the
form of bridge devised by Professor FLEMING,
We found on four separate occasions the values

1:00096
1:00096
1-:00095
1:00098

The temperature throughout at which these values are correct is 12°.

These methods involve the use of the resistance boxes, and, of course, there must
be some uncertainty in the temperature of the coils in the interior of the box.
Another series of determinations, therefore, was made of the values of R and S, in
which the boxes were only used to determine the values of certain small corrections.

There is at the laboratory a coil of about 24 B.A. units—the standard used by Lord
RavrEicH in his experiments on the value of the B.A. unit. This he had compared
with the B.A. units and found that at 12° its value was 23'92820. He suggested
that we should compare our standard of about 160 units directly with it, and this was
done by one of us (R. T. G.).

I first determined ab wnitio the value of the 24 ohms in terms of the B.A. units.
I found by a method to be afterwards described the three values

23:92807
2392810
and
2392850
The mean is
2392822

which is practically identical with that found some months previously by Lord
RAYLEIGH. '

Now the ratio of 24 to 160 is between 1 :6 and 1:7.

I therefore arranged a WHEATSTONE'S bridge in the following manner:—
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Two arms were the two standards I wished to compare; the coil R of about
160 units and Lord RavLeicH’s standard, which we will call X, of about 24.

The third arm was two single unit coils and a 5-unit arranged in series, and the
fourth arm a single unit, the coil Flat.

The two single units were the B.A. units C and G of Professor CHRYSTALS report,
their values and that of the 5-unit are accurately known in terms of the mean B.A.
unit.

In all cases the electrodes of the coils were well amalgamated and rested securely
on the copper discs at the bottoms of mercury cups.

The electrodes of the ErrioTT box were connected with the two ends of the 7-unit
arm, so that the box formed a shunt, and by altering the plugs in the box the
effective resistance of the arm could be finely adjusted, and the ratio of the resistance
of the Flat coil to that of this arm made equal to that of R to X.

Thus I found that with 164 units out of the box there was a deflection of the
galvanometer of +83°2 scale divisions, while with 163 out the deflection was —5°6.

Thus the true value of the shunt is 163-143. Correcting this to the proper tempera-
ture we find that the effective resistance of this third arm is 670438 units, that of the
Flat coil at the same temperature being *99944 unit. _

Now the temperature of R at the time of observation was 13°:3, that of X being
13°4.

Hence

R13'3— 670438
X, 99944
134

‘Whence substituting the value of X and reducing to the standard temperature 12°
R,=160523 B.A. units.

A second experiment was made at a different temperature, and instead of noting
the deflections of the galvanometer produced by altering the box by 1 unit a second
shunt was introduced and varied until the deflection was zero: the value of this shunt
was 30,000 units.

From this experiment I found

R,=160-518 B.A. units.

We take as the true value of R, deduced from these two experiments

R,=160520 B.A. units.

We have now to compare directly the values of S;and R, S, is about 3060 units,
so that the ratio of S, to R is between 19 to 1 and 20 to 1.

Four sets of coils were, therefore, arranged for a WHEATSTONE’S bridge, two arms of
which were S and R, the other two arms being 20 units—made up of the two 5 and
10-unit standards already described, while the fourth was the single coil G.
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The box was used as a shunt to the 20-unit arm, and adjusted as before till the
galvanometer showed no deflection, the effective resistance of this arm was found to
be 19:0444 units, while at the same temperature the value of G is *99887 unit.

Substituting the value of R at the temperature of the observation and reducing our
result to the temperature 12°, we find

Sy=38059"37 units
A second series of observations on a different occasion gave

S,=3059'86 B.A. units
The mean is
S8,=305962 B.A. units

and this is the value we have used in our calculations.*

The coils were in all cases placed in water baths and allowed to stay for some hours
in them. Before making the observations the temperature was read by thermometers
graduated to fifths of a degree, which were compared with each other..

To determine then the value of the B.A. unit we must use the value of Ry;=160'520,
found in this series of measurements. Now the values of S, and R, found from the

boxes were respectively
306080 and 160°586

These differ from the values we have obtained in our last observations by 1:18 and
‘066 unit respectively, or rather more than 1 in 8000. This difference would
correspond to an error of about 1°in the measurement of the temperature.
Considering then the uncertainty which must attach to the temperature of the coils
inside the box, it seemed best to take our last values rather than the mean of the two
—we would rather regard the first series as a check upon any large error. But though
this difference in the value of S will affect to the amount of 1 in 3000 the value of
R, in absolute units, it does not affect at all sensibly the value of the B.A. unit, for
this latter depends on the ratio of S/R,; taking the values of S; and R, from the

boxes, we have

So_19-
g, = 1970602

while, if we use the last values obtained for S; and R, we get

So__1a.
B, 19:0607

the difference is only about 1 in 40,000 and does not concern us. We shall therefore
put Ry=160'520 ohms, the temperature being 12°

* The value 3059-89 used on page 255 is obtained from this by applying a temperature correction to the
60 units, the resistance of the galvanometer, which was at 13°5,
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The contrivance designed by Lord RAvLEIGH by means of which our 24-unit
standard was compared with the B.A. units needs a special reference: it has been
described by Lord RayreicH in his second paper on the value of the B.A. unit, an
abstract of which was read before the Royal Society on March 9, 1882, while the
paper is published in the Phil. Trans., Part I., 1882.

Five coils each of approximately 5 ohms resistance were wound and enclosed in a
box, frora which the two electrodes, copper rods with amalgamated ends, of each coil
protrude. By means of two series of mercury cups this system could be put either in
series or in multiple arc. Then, if each coil of the series is so nearly equal to 5 units
that we may neglect the square of the difference, it is easy to show that the resistance
of the system in series is exactly 25 times that which it has when in multiple arc.
The coil of 24 units and a single unit were arranged in series so that they could
readily be put into connexion with FrLeming’s bridge. The set of five 5-unit coils in
multiple arc was compared with a single unit. The connexions were rapidly altered,
and the five 5 units in series were compared with the 2441 ; then again adjusting the
connexions, another comparison between the 25 units in multiple arc and the single
was made.

In this manner a value of the 24 ohms was obtained in terms of the single ohm, the
result of the comparison being as already stated.

Thus, whether we use as the values of Ry and S those found from comparison with
the box or those determined by comparison with the coils, we have as values of the
B.A. unit determined from this second part

Series A . . . . ‘98673 . . . . meanof 4
, B . . . . 98598 . . . . .2
, C . . . . 98716 . . . . . 3

While the mean result is
‘986706 ohm.

The result obtained in June, 1881, Part L., as the mean of three complete sets, was
‘986350 ohm.

Our discussion has shown us that the possible errors of this determination are
considerably greater than that obtained in Part II. "We will, therefore, give to each
experiment in Part I. only half the weight of an experiment in Part II., and obtain
thus as our final value for the ohm

‘98665 ohm.

The value obtained by Lord RaYLEIGH in his second experiments with the rotating
coil (Phil. Trans., Part I, 1882) is
*98651% ohm.

# Since this paper was read Lord Rayuuice has obtained by two modifications of Lorenz’ method
the two values ‘9867 and 9868,
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The difference, amounting as it does to about 14 parts in 100,000, is obviously less
than the probable error of our result, and there can be little doubt but that the value
‘9866 is only two or three parts in 10,000 from the truth. This value, as Lord
Ravreien has pointed out, is strikingly confirmed by JouLE’s latest determinations
of the mechanical equivalent of heat.

In conclusion, we would discuss further one or two possible sources of error. We
have assumed that the ratio of V/S is independent of the temperature. This is not
true, for S consists of two parts; one part of about 3000 units has the same tem-
perature coefficient and is always at the same temperature as V, so that for it our
assumption is justified ; the other part of the galvanometer, of about 60 units, is
of copper, of which the temperature coefficient is ‘003, and it is not at the same
temperature as V.

Now the whole range in the temperature of the galvanometer is about 3°, the range
on either side of the mean 1°°5, and an error of 15 in the temperature of the galvano-
meter we can show would affect R to the amount of about one part in 8000. Thus
those values of R for which the temperature of the galvanometer differs most from
the mean may be affected to the amount of 1 in 8000 by this source of error. Taking
the mean of all our observations, however, the error vanishes.

Professor CHRYSTAL had warned us that he had had some difficulty in securing
sufficiently good insulation between the wire of the coils A and B and the brass rings
in which they were wound. We therefore tested both coils to see that this was
maintained. One pole of a battery of 25 LEcLANCHE cells was connected with the
brass ring, while the other pole was put in contact with one electrode of a galvano-
meter of 2000 ohms resistance, the second electrode of the galvanometer being
connected with the wire of the coil.

Deflections of 60 and 80 divisions of the scale were observed for the two coils A and
B respectively. The same battery through 100,000 ohms when the galvanometer is
shunted with 8 ohms gave a deflection of over 100 divisions, the insulation resistance

therefore is considerably over
100,000 x 2000
8
or
25,000,000 ohms,

The error that might arise from the use of a paper scale has been discussed. In the
calculations corrections have been applied to the scale readings to reduce them to the
standard metre. The corrections taken were the mean of four series of observations—
two by R. T. G., two by E. B. S.; and these, though made at very different times,
varied only by quantities comparable with the error of an observation.

“The most serious objection, however, that can be raised applies to all observations

in which a ballistic galvanometer is used, and there were two points here which
seemed to require special notice. Is it right to assume that on reversing the primary
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current the change that takes place is over in a time which is small compared with
the time of swing ?

Now our reversals were made with an ordinary rocking commutator dipping into
mercury cups, and only occupied a small fraction of a second. We therefore made a
series of experiments to see if we could find the effect produced by holding the
primary circuit open for definite small periods.

On reversing in the usual rapid manner we obtained a throw which varied between
119'5 and 1193 millims.

When our primary circuit was held open for one second the throws were 1189,
119-8, 119°3, and 119'1, while if the contact was broken for two seconds the effect on
the throw was marked. Thus if by chance in any experiment the primary circuit was
open for as much as a second, so that the battery current took something over a second
to get steady, it would only produce an effect of about 1 in 1000 in the result ; we feel
quite certain that in no case the period of break occupied more than a small fraction,
from a quarter to one-sixth, of a second.

Again, it might happen that the somewhat powerful induced current passing through
the galvanometer coils might alter—temporarily or permanently—the magnetic moment
of our needle.

A permanent alteration would of course be indicated by variations both in the throw
produced by the induction current and in the time of swing. In the actual experi-
ments after the induction current had been passed in one direction through the coils
of the galvanometer, and the throw observed, it was passed in the other direction
to stop the vibrations of the needle, and it was possible that each current might have
produced real permanent changes in the magnetic moment, but of exactly equal
amount, so that we had observed no appreciable alterations in the time of swing
which we could assign to this cause.

We therefore took a series of measurements of throws in which the current was
only allowed to pass in one direction through the coils, the vibrations of the needle
being stopped by means of an external damper ; the times of swing also were observed
at intervals.

The table below gives the result.

Time of swing. Throw.
115°8

23383
1160
1160
1157
116°0
1159

23389

MDCCCLXXXTIT. 2 M
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SEcoND series.—Throws in opposite direction.

Time of swing. Throw.
1155

23-389
1156
116°2
1158

23:392

The throws throughout are very nearly equal; the time of swing, it is true, has
increased by "009”, but this change cannot be due to an alteration in the magnetic
moment of the needle, for if the current passed in the one direction had decreased the
magnetic moment and so increased the time of swing, that passed in the other direction
in the second series would have increased the magnetic moment and so decreased the
time of swing. The alteration in T then we must rather ascribe to a variation in the
value of the horizontal intensity., This has been allowed for in the experiments by
~ the repeated observations which were made of T. As regards the temporary effect of
the induced magnetism produced by the current while it lasts, we notice that its
direction would at each instant be perpendicular to the plane of the coils, so that
the force between the magnet thus formed by the current and the current forming it
would be along the axis of the temporary magnet and have no tendency to cause it
to move. In fact, the field of force produced by the coils being uniform, the actual
force on the induced magnetism will be zero.

A number of observations were also made to see if the time taken by the battery
current to become steady after a reversal was appreciable. The galvanometer circuit
being open the battery circuit was reversed, and then the galvanometer circuit closed
at an interval of from ‘25" to *8” after.

If after this interval the battery current had still been varying an induction current
would have shown itself in the galvanometer, but though the reversals were made
in three separate experiments, 13, 7, and 10 times respectively, in time with the
period of the galvanometer, no effect was produced.

We are sure, therefore, that the battery current has attained its steady value in
less than ‘3" after reversal, while our former experiments have shown us that if the
period of change were as great as 17 the error produced in the throw would be less
than 1 in 1000.

The direct effects of the connecting wires and commutators on the galvanometer
during the experiments were carvefully tested for but no result could be found.
Copper wire insulated with gutta-percha was used for the connexions, and the wires
in each circuit were carefully twisted up together.

Most of the apparatus employed belongs to the Cavendish Laboratory, where the



VALUE OF THE BRITISH ASSOCIATION UNIT OF RESISTANCE. 267

experiments were conducted. Our best thanks are due to Lord Raviricu for his
unceasing kindness and his many valuable suggestions which have helped us satis-
factorily to surmount several serious difficulties, and have added greatly to the
accuracy of the results.

NotE,
(Added December 2, 1882.)

Another source of error should have been mentioned in the previous discussion.

The external diameter of each layer was measured necessarily before the layers
external to it were wound on. There will probably be a tendency in each layer to
compress those below it, and thus to make the mean radius of the coil somewhat less
than we have assumed.

In fact, Lord RavrEicH found in his experiments (Phil. Trans., Part I., 1882) that
the value of the mean radius oblained from measurements made as the coil was
unwound was less by 1 in 2000 than that obtained from the measurements made
while winding.

Several reasons lead us to believe that any effect of the kind would be much less
with our coils. ‘

The error is produced probably by the silk being pressed over the top and bottom
of the layer into the intervals between the wires—the wires being circular in section
there is necessarily a space between them.

Now the amount of this free space would be proportional to the area of the cross
section of the wire, while the amount of silk would depend on the circumference of
this cross section.

The diameter of our wire was only about two-thirds of that used by Lord RAYLEIGH,
there would, therefore, be less space in proportion to the amount of silk into which
the silk could be squeezed, and the error produced would be less.

Again, if this yielding is going on, it is clear that the average thickness of a layer
should appear to decrease as we get near the outside surface. A reference to the
measurements shows that this is not the case. On dividing the whole series of layers
into sets of five, and taking the average for each set, omitting a layer in which
paraffin paper had been used, we find the values for the average thickness ‘128, 123,
"127, -128, and -127,

No gradual decrease is here observable. We therefore feel confident that the error
was much less than in the coils wound by Lord RavLEIGH.

A strong indirect confirmation of the accuracy of the value of the mean radius used
is afforded by Lord RAYLEIGH'S recent measurements by LorENZ method.

The same coils were used as in our observations, and Lord RavLeree has shown
that an error in the mean radius would affect the two methods by about the same

2 M2
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amount but in opposite directions. If M be the error in M produced by an error éa

. L . M 5 o ,
in ¢ the mean radius, it follows that in our case 8 about 2 i—t, while in Lorrxz

method, M being the induction between the disc and the coils, for the arrangement
adopted %:—2% approximately—in the one case M is of the same sign as &a, in

the other the signs are opposite. The mean of the results then obtained from the two
methods will be free from an error in ¢. But the two results are *98665 and "9867.
They are identical to the fourth figure. Thus we infer that the error in @ is probably
very small.,



