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ART. XVIL.—Calibration of an Electrometer ; by D. W. SHEA.

THE mathematical theory* of the quadrant electrometer
leads to the general formula :

O=a (A—B) (C—% (A+B),

in which 6 represents the moment of the couple which turns
the needle, A, B, C, the potentials of the two pairs of quad-
rants and of the needle respectively, and a is a constant which
defines the sensibility of the instrument. The deflection of
the needle is proportional to the moment 6. Hence, if a is a
constant + as the theory supposes, the deflection of the needle
should be proportional to the product

(A=-B) (C—% (A+DB),

and the curve of calibration obtained in any given method of
setting up the electrometer should Lave a perfectly definite and
constant form. But in the various forms of the quadrant elee-
trometer, and in the different methods of setting up the same
instrument, the curves of calibration obtained correspond in a
very irregular manner with the curves given by theory.}

Some observations with an electrometer of the Mascart form,
which show variations apparently due to change in the sensi-
bility with variation in the temperature,§ are given in the fol-
lowing pages. It is possible that they may be of interest to
those who use this form of electrometer.

The results here given were obtained with the electrometer
set up in the following manner :

The needle was suspended by a bifilar suspension consisting
of a single fiber of cocoon silk, the ends of which were fastened
to the drum and the loop to the hook on the upper end of the
rod carrying the needle. The two parts of the fiber were sep-
arated as widely as the construction of the instrument admits
of. The needle was charged by a water-battery. The positive
pole of the battery was attached to the electrode connecting
with the inner coating of the Leyden jar, and the negative pole
and the electrometer case were to ground. The water-battery
was made up of four hundred cells of zine-copper elements, ar-
ranged in boxes of eighty cells each. The difference of poten-

* Maxwell, Electricity and Magnetism, vol. i. p. 311.

1 Hopkinson, Phil. Mag., V, xix, p. 297.

1 Mouton, Journal de Physique, vi, p. 13.

Benoit, Journal de Physique, vi, p. 118.

Boltzmann, Pogg. Ann., bd. cli. p. 487.

Hallwachs, Wiedemann’s Ann. der Phys. und Chem., xxix, p. 35.
§ Hallwachs, ibid., p. 41.
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tial between the positive pole of any one of these boxes of
cells and the ground, with the negative pole to ground, was
about forty volts.

In making the calibration, a battery of small gravity cells
was used, with circuit closed through an external resistance of
ten thousand ohms. One and the same end of the set of resis-
tance coils was to ground in all observations. Points on the
box of coils such that one, two, three, etc., thousand ohms were
included between them and the point to ground were success-
ively connected to one pair of quadrants, while the other pair
of quadrants was to ground, and the quadrant connections were
alternated in order to get readings on the right and left of the
zero, which was placed at the middle point of the scale. The
needle was charged by one, two, three, etc., boxes of cells
successively, and the number of cells in the gravity battery
was decreased, as the charge of the needle was increased, so as to
keep the difference of potential hetween the ends of the set of
resistance coils such that the spot of light always remained on
the scale.

It was found that the form of the curve for a given charge of
the needle did not long remain constant, and that even the di-
rection of curvature changed. The change in the form of the
curve was greatest when the charge of the needle was smallest,
and it was not until the whole water-battery of four hundred
cells was employed that a curve was obtained which changed so
little as to admit of accurate work. The change in the curves
was most rapid when the temperature of the room was chang-
ing rapidly between certain limits. Beyond these limits there
was little change in the curves. DBut for any given tempera-
ture between the limits the form of the curve wasnot con-
stant, even though the temperature of the room had been so
constant for several hours that all parts of the electrometer
could reasonably be supposed to have the temperature of the
room.

The changes in the form of the curves for various charges of
the needle were followed through the range of temperature at-
tainable, at the time, in the room where the electrometer was
set up. The following tables will serve to show these changes.

In all the observations the scale was at a distance of 126
from the mirror.

The curves shown in the plate were plotted by taking the
potentials of the quadrants as abscissas and the deflections of
the needle in degrees as ordinates. Fig. 1 shows curves when
charge of needle was forty volts; fig. 2, when charge was
eighty volts; fig. 3, when charge was one hundred and twenty
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volts; fig. 4, when charge was one hundred and sixty volts;
fig. 5, when charge was two hundred volts; fig. 6, I, when

charge was twenty volts, and II, when charge was ten volts.
The Roman numerals in the figures refer to the tables.
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Charge of Needle, 40 volts.
I
TEMPERATURE, 6°C.
Resistance be- Scale ITE?ES in cm,
tween point to - Mean of .
ground and point Charge of = & two Deflection of
to pair quad- uadrants o, 15} scale needle in
rants in ohms, n volts. 2 = readings. degrees.
1000- 25 213 2:11 2:15 0°29”5
2000 50 4:30 420 425 0 58
3000 5 628 620 6°24 125
5000 125 10:07 9-8H 9-96 2 1565
7000 175 13-46 13-34 1340 32
8000 20°0 15°05 15-00 15-02 3 24
9000- 22°5 16-49 1641 1645 343
10000 2560 17-92 17°94 1793 4 25
II.
TEMPERATURE, 8° C.
1000- 25 1'93 1-92 1-925 0 26
2000- 50 3-81 319 3-80 0 52
3000° 75 564 561 5625 117
5000- 125 917 912 9-145 24
7000° 176 12-85 1284 12-845 2 54
8000- 200 14:60 14-68 14-64 319
9000 22°5° 1629 1623 16°26 3 405
10000- 25°0 17-79 17-78 17-7185 41
111
TEMPERATURE, 11° C,
1000 25 2:03 2:04 2:035 0°28’
2000- 50 4-03 4:03 403 0 55
3000 5 594 602 598 1 2256
5000° 125 995 9:99 9-97 2 16
7000- 175 1370 1576 1373 3 65
8000 20°0 1576 1584 15:80 3 345
9000 225 17-89 17'91 17-90 4 2
10000 25°0 19-81 19-87 19-84 4 28
Iv.
TEMPERATURE, 12° C.
1000- 25 1-91 1-89 1-90 0 26
2000 50 385 381 3-86 0 526
3000° 75 590 595 592 1 205
5000 125 1008 10°12 1010 2 175
7000- 1175 14:30 14-33 14-315 3 145
8000° 200 1650 16-54 1652 3 44
9000 22°5 1871 18:80 1875 4 135
10000 25-0 2079 20-82 20805 4 47
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V.
TEMPERATURE, 14° C,

Resistance be-
twceoei?s%giigzeon Scale readings in em,
ground and -

pointto ~ Charge of the = = Mean of the Deflection
quadrants in quadrants o @ two scale of needle in
ohms. in volts. & = readings. degrees.
1000- 25 2:12 2-14 213 0° 29/
2000° 50 4°29 429 429 0 585
3000° 5 658 658 658 1 295
5000- 125 11-30 11-32 11-31 2 34
7000 175 1641 1644 16-425 3 43
8000° 200 19°02 19-06 19:04 4 18
9000° 225 2186 21-917 21-915 4 56
VI.
TEMPERATURE, 16° C.
1000° 25 1-93 1-89 1-91 0 26
2000° 50 390 394 3-92 0 53
3000° 5 600 603 6015 1 22
5000 125 10-37 1037 1037 2 205
7000~ 175 15°16 1518 1517 3 26
8000. 200 17+64 1771 1768 3 595
9000 225 19°85 19-88 19-866 4 285
10000° 250 22°15 22-24 2220 5 00
Charge of Needle, 80 volts.
I
TEMPERATURE, 6°°5 C,
1000 13 2:36 2:35 235 0° 32/
2000* 26 472 469 4705 14
3000- 39 715 713 714 137
5000° 65 12°01 12:04 12°025 2 435
7000° 91 1694 16'95 16-945 3 495
8000 104 1932 19-30 19°31 4 215
9000- 11-7 2172 2172 2112 4 535
In.
TEMPERATURE, 9° C.
1000- 1-3 226 2:26 226 0 31
2000° 26 457 457 457 12
3000 39 683 475 679 132
5000- 65 1134 11-34 11-34 2 34
7000° 91 16:13 1614 16-135 3 385
8000- 104 1840 1835 18375 4 85
9000 11-7 2059 2053 2056 4 37
111,
TEMPERATURE, 12° C.
1000- 1-3 2:47 2:46 2465 0°33’5
2000 2-6 4:90 485 4875 165
3000° 39 7-31 7:26 7-285 1 395
5000 65 1212 11-95 12:035 2 44
7000° 91 1674 1673 16-735 3 465
8000 10°4 1908 19:07 19°075 4 18
9000 117 2143 21:36 21:395 4 49
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Resistance be-
tween pointon
coils to ground
and point to
quadrants in
ohmas.

1000-
2000-
3000°
5000
7000.
8000-
9000°

1000°
2000
3000°
5000
7000
8000
9000°

1000°
2000
3000
5000
7000
8000
9000*

1000
2000°
3000-
5000
7000
8000
9000°

1000°
2000-
3000¢
5000-
7000*
8000
9000°

Charge of
th

e
quadrants in
volts.

1v.

TEMPERATURE, 17° C.
Scale readings in cm.

Mean Deflection

ﬁ o theotwo the nged]e in

& S scale readings. degrees.

=1 =
2:60 2°59 2595 0 355
505 497 501 18
7-60 761 71555 1 43
12-55 12.41 12-48 2 47
17-35 17-23 17-29 3 545
19-50 19-57 19535 4 245
2185 21-78 21-815 4 545

Charge of Needle, 120 volts.

I
TEMPERATURE 8° C.

07 2-29 2-30 2295 0°31/
14 462 461 4615 1 3
21 T-04 699 7015 1 355
35 1177 11-82 11-795 2 405
49 1647 1641 16-44 3 43
56 18-84 1879 18815 4 14'5
63 2122 2120 2121 4 465
1L
TEMPERATURE 12° C.
01 2:23 2'24 2:235 0°30”5
14 4-37 432 4345 0 59
21 656 6-49 6525 1275
35 10-99 11-01 11-00 22
49 1552 i5'56 1654 3 31
5:6 17-99 1800 17995 4 35
63 2020 20-20 2020 4 34
III1,
TEMPERATURE 17° C.
07 243 214 2435 0°33/
14 486 4-87 4-865 1 6
21 726 7'26 7255 139
35 12-02 12-01 12:015 2 44
49 16-74 1676 1615 3 47
56 19-03 19-12 19:075 4 195
63 2151 2153 21'52 4 51
Charge of Needle, 160 volts.
L
TEMPERATURE 7° C.
055 2-28 2-28 228 0°31”
1-10 453 4-52 4525 1 15
1'65 6°80 619 6795 1 325
275 1128 1121 11-245 2 33
3-85 1518 1567 15725 3 335
4-40 18-00 17-93 17-965 4 4
495 2030 2020 20°25 4 345
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IL

TEMPERATURE 18° C.

Resistance be- Scale readings in cm.
tween point on Charge - Mean Deflection
coils to ground of N of [
and point to  quadrants in ] - ) the two the needle in
quadrants in volts. b s scale readings. degrees.
degrees. = o
1000 0'65 230 233 2:315 0°31”'5
2000° 110 461 465 463 1 3
3000 165 6°817 697 6°92 1 34
5000° 275 11-41 11-61 11'51 2 365
000" 3'86 1498 15620 1509 3 26
8000 4+40 18-21 1849 1835 4 8
9000° 4-95 20°50 20°73 20°615 4 375
Charge of Needle, 200 wolts.
TEMPERATURE 17° C.
1000° 0°46 2:00 1-99 1-995 0°27/
2000° 092 3'99 299 3-99 0 54
3000- 1-38 5°99 596 5975 1 225
5000 2:30 9'98 994 9:96 2 165
7000° 322 14:00 1396 13-98 310
8000 3'68 16:02 15°96 15-99 3 37
9000 414 18:00 17-96 17-98 4 35
10000 4-60 2000 19°90 1995 4 30

It was found that the curve of calibration, when the charge
of the needle was 200 volts, was practically constant for a
range of temperature from 6° to 25° C.

The curves of calibration for the cases where the needle has
charge of 10 and 20 volts were not examined very carefully,
but it was observed that the variation was much greater than
in the other cases. The following tables will serve to show the
form of the curves for these cases:

Charge of Needle, 10 volts.

TEMPERATURE 18° C.

Registance be- Scale readings in em.
tween point to Charge - Mean Deflection
ground and of s of
point to quadrants in = - two scale needle in
quadrants in volts. b = readings. degrees.
ohms. 1 A
1000 4-3 1-02 104 1-03 0°157
2000° 96 2:24 2:24 2:24 0 305
3000 129 369 371 370 0 51
5000 216 741 739 7:40 1 41
7000° 301 11-83 11-81 11-82 2 41
8000 344 14-25 14-27 1426 3 135
9000° 3817 1721 17°16 17°185 3 563
10000° 430 2025 2026 20°255 4 345
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Charge of Needle, 20 volts.

TEMPERATURE 17° C.

Resistance Scale readings in em.
between point Charge of Mean Deflection
to ground and the . of of
point to the quadrants in = o two_scale . needle
quadrants in volts. =) o readings. in degrees.
ohms, [ =
1000° 32 1-19 1-22 1:205 0°16'*5
2000- 64 255 255 255 0 35
3000° 96 395 303 3-94 0 53
5000 160 7-07 7-04 7-055 1 36
7000° 224 10°50 10°53 10°515 2 235
8000- 256 12:44 1245 12-445 2 465
9006G* 28°8 14:42 1441 14-415 3 16
10000 32°0 1661 1663 16-62 3 445

In making the calibrations, examinations for leakage were
frequently made by charging the quadrants and breaking their
connection with the battery circuit. The constancy of the
gravity and water batteries was determined by means of a con-
stant cell, devised by Dr. Willson.* The electro-motive force
of this cell, which was taken as the standard in these observa-
tions, 18 1*085 to 1-088 volts. This variation is so small that it
is not observable with the electrometer, wlrich is not capable
of measuring less than ‘01 of a volt, when set up in the manner
described, and the needle having a charge of 200 volts.

It will be noticed that the variation in the sensibility decreases
as the charge of the needle becomes great relatively to that of
the guadrants. The mathematical theory supposes that the
charge of the needle is high when compared with that of the
quadrants, but it gives no idea of what the order of the charges
should be. These observations seem to show that in.making
use of an electrometer for electrical measurements, we should
ascertain by experiment what charge the needle must have, in
order that the sensibility may remain constant for the range of
charges to be given the quadrants.

Much trouble was experienced at first through the electrom-
eter being set up in a room in which several students were
at work upon various experiments in electricity. This
trouble seemed to be due to induction effects on the quadrants,
which the electrometer case did not very completely shield, for
on enclosing the electrometer in a box coated with tin-foil,
and put into connection with the ground, the trouble was re-
moved. After removing another difficulty, i. e., leakage, due
to use of glass rods in the construction of a commutator, by
substituting paraffine for the glass, it was found that the elee-
trical zero suffered a displacement to the side to which the
spot of light was deflected.t This displacement increased with

* Uber Daniell’sche Normal-Elemente, Tnaugural Dissertation von Robert W.

Willson, aus Cambridge. U. S. Wiirzburg, 1886. Pamphlet.
t+ Thomas Gray, Phil. Mag., V, vol. xxili, p. 46.
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the magnitnde of the deflection, and was as great as one centi-
meter, at the end of two or three minutes, for a deflection of
twenty centineters. The suspending fiber had been in the
instrument for some time, inquiry showed that it was drawn
from floss silk.*  On substituting a fiber drawn from cocoon silk
which had been well washed, no displacement of the zero was
observed except where the room had been kept at about 0° C.
for several hours. Some trouble was experienced from sudden
movements of the needle, apparently caused by the working of
a dynamo, from which wires extended through the various parts
of the building in close proximity to the pipes for gas and
water, the pipes being made use of as ground connections for
the electrometer and batteries. These deflections of the needle
were most marked in the cold, dry weather of winter; from
this it seems probable that the pipes did not serve as very good
ground connections at the time and under the circumstances.

Jefferson Physical Laboratory, Dec. 5th, 1887.





