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ABSTRACT

The value of an electric current has been measured in absolute units by a cur-
rent balance, and simultaneously in international units by standard cells and
standard resistors. In the current balance a subdivided helix served as the two
fixed coils and, as the moving coil, either a short helix or a compact spiral. The
two moving coils were the same ones that were described in a previous paper in
which the fixed coils were spirals.

The value obtained when using these two moving coils and the subdivided helix
differs by only 4 parts in a million from the value obtained when using these mov-
ing coils and spirally wound fixed coils. These values are, however, somewhat
different from those obtained when using multilayer coils wound with copper
wire. The relationship between the absolute and International ampere, from the
most dependable measurements at the National Bureau of Standards, may be
expressed as

1 NBS International ampere=0.999 850 absolute ampere.

In the preceding paper published by members of the Bureau staff on this subject
the value given was 1 NBS International ampere=0.999 860 absolute ampere.
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I. INTRODUCTION

The determination of a current in terms of the units of length,
mass, and time is usually made by measuring the force between two
or more coils carrying the current. The dimensions and positions of
the coils can be measured, so that the current in the coils can be com-
puted from their dimensions and the electromagnetic force between
them. In most of the determinations made during this century, the
coils have been of the multilayer type in which the cross-sectional
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dimensions of the windings were small compared with the diameter
of the coils. The only important exception is the ‘‘current weigher”
used at the National Physical Laboratory [1],' which was constructed
with single-layer helical coils. Previous determinations of the ampere
at the National Bureau of Standards, using multilayer coils wound
with wire [2, 3], have shown that the effect of the uncertainty in the
location of the wires in a multilayer coil is an important factor that
cannot be evaluated. The problem has been attacked by building
multilayer coils in the form of spiral ribbon windings, as already
described [2]. Another approach to the problem has now been made
by using single-layer helices exclusively or in combination with spiral
ribbon coils, even though the smaller forces obtained reduced some-
what the accuracy of the force measurement. It is unlikely that all
the systematic errors will be the same with the two types of fixed coils.

The technique [4] which has been developed at this Bureau for
winding single-layer helices in lapped screw threads has produced
coils which are well suited for use in a current balance. These coils
have very small variations in diameter and in pitch. Two of these
helices have been made for use in the current balance.

This report will be devoted to a description of the new coils used,
the electric circuit, the formulas used in the computation of the cur-
rent, and the results obtained. This report is reasonably complete in
itself, but it will be necessary to refer to earlier papers for some of the
details of the apparatus which have therein been described.

II. DESIGN AND CONSTRUCTION OF THE COILS

The coils for use in a current balance must fulfill the following re-
quirements: (1) The electromagnetic force for the operating current
must be sufficiently large to permit its accurate measurement; (2) the
mass of the moving coil must be less than that for which the balance
was designed; (3) the temperature of the coils when carrying the oper-
ating current must be not more than a few degrees above room
temperature; (4) the dimensions of the coils must be such that they can
be accurately measured; and (5) the distribution of the conductors
in the coil must be sufficiently uniform to permit the accurate compu-
tation of the electromagnetic force. Spiral and helical coils meet the
last condition more satisfactorily than the multilayer coils of wire
which were used in an earlier determination [8]. Spiral fixed coils, a
spiral moving coil, and a helical moving coil have already been de-
scribed [2]. This paper gives the results of a determination in which
helical fixed coils were used, the moving coils being the spiral and the
belix mentioned above. The helical fixed coils for this determination
were the two halves of a single helix. The two coils were obtained
from one helix by connecting a lead to the midpoint of the winding and
having the current flow in opposite directions in the two halves of the
helix. The requirements given above will be discussed with reference
to the use of the helical fixed coils.

The electromagnetic force between the helical fixed coils and the
helical moving coil with an operating current of 1 ampere was about
1.4 g (grams) and with the spiral moving coil about 1.7 g. While
these forces were very small, they were sufficiently large to permit the

1 Figuresin bracketsindicate the literature references at the end of this paper.
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determination of a current within a few parts in a million for a single
measurement. An increase in the current did not increase the accuracy
because it produced additional heating in the coils.

The mass of the helical moving coil, designated as P1, was 700 g
and that of the spiral moving coil, designated as A1, 475 g. These
coils were used on a balance which was designed to take a load of 2 kg.
Hence, both of these coilsjwere well within the limits fixed by the
balance.

The temperature of the coils was kept within a few degrees of room
temperature by designing them to have low resistance, by using a
small operating current, and by ventilating the coil case.

It was necessary that the coils be large enough so that their dimen-
sions could be measured with the required accuracy. The moving
coil had a diameter of about 25 cm and the fixed coil 45 cm, and these
dimensions met the above condition.

A satisfactory helical coil should have extremely uniform diameters
and pitch of winding throughout the whole coil. Preliminary measure-
ments were made with a fixed helix which had been used in an absolute
determination of the ohm, where it was designated as the short glass
solenoid [3]. However, theoretical considerations indicated that the
pitch was not sufficiently uniform to give the required accuracy for
the investigation on the ampere. Since a helix of the dimensions of
this coil could be advantageously used in researches on the absolute
ohm as well as on the absolute ampere, C. Moon rewound ? this form
by the method which he had developed for producing helices of very
uniform pitch and diameter [4]. Before winding, a helical groove or
screw thread having a nominal pitch of 0.8 mm was ground in the
cylindrical form. This groove was then lapped with a “saddle’” or
“half-nut” lap until the profile of the groove was approximately
sinusoidal and the diameter of the form uniform. The helix was then
wound with carefully selected wire drawn to size through several
dies. The final drawing was made onto the grooved cylinder directly
from the last drawing die, so that the winding tension of the wire was
the tension with which the wire was pulled through the last die, which
was about 10 kg. After the winding was completed, elliptically
shaped spots were polished on the wire along four lines parallel to the
axis of the helix. Two lines were ruled on each spot on turns near the
ends and middle of the winding. These ruled lines were used in
measuring the pitch of the winding.

Three electric leads were attached to the fixed helix, now designated
as HI, one at each end and one at the midpoint. They projected
radially through amber bushings in a wooden bar running pam{lel to
the axis of the winding and about 2 c¢m outside of the coil winding.
In order to attach the lead wires firmly and accurately, the end of
each was notched, tinned, and held firmly against the winding at the
desired location by a spring. By careful local heating, each lead wire
was soldered onto the desired wire of the winding without disturbing
the adjacent turns. This method of fastening the middle lead on the
fixed helix made it unnecessary to break the winding at the middle.
Hence this coil could be used in the absolute-ohm work as well as in
the current balance.

2 Before rewinding the coil, Moon ground and lapped the screw thread, and, after the winding was com-
pleted, polished the ‘‘spots’ on the wire and ruled the lines on them.
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The spiral coil, A7, used as the second moving coil consisted of a
double winding of aluminum ribbon on a form of aluminum alloy.
The ribbon was anodized electrolytically to form an electrical insulating
layer of aluminum oxide, which was the only insulation used between
the successive turns of the coil. The resistance between the two wind-
ings (50 megohms) showed that no appreciable current was leaking
between turns. The ratio of the radius of this coil to that of the helical
moving coil had been indirectly determined by comparing them with
several fixed coils as previously reported [2].

III. MEASUREMENTS OF THE DIMENSIONS OF THE COILS

The dimensions of the coils were measured by methods and with
apparatus which had been used previously in similar measurements.
It was necessary to measure the diameter and pitch of each helix, and
each of these measurements had to be made with high precision.
These will be described briefly and the results given in more detail.

1. DIAMETER

A ring micrometer, with a motor-driven screw and a tail stock having
a pressure-operated contact, was set up for the measurement of the
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Figure 1.—Variation in the outside dliameter of helical coil H1 along four axial
planes.

diameters of the coils [5]. The coil to be measured was mounted on
a turntable, with its axis vertical. The micrometer was hung in a
horizontal position by three rods from a support which was carried on
a vertical track. The coil could be rotated by the turntable to
measure any diameter in a given horizontal plane, and the micrometer
could be raised or lowered, by running the support up or down the
vertical track, to measure any diameter along the length of the coil.
The end standard to which the measurements were referred was
mounted directly above the coil. The coil, micrometer, and end
standard were mounted in a thermostatically controlled cabinet.
The micrometer was adjusted and read from outside this cabinet.
Readings could be estimated to 0.1 micron and repeated to 0.3 micron.

The diameter of the fixed coil, HI, was measured every 12 mm
along the axis of the coil in each of four equally spaced axial planes.
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The measurements were made at two different temperatures for com-
puting the temperature coefficient of expansion. The results are
plotted in figure 1, and the average values at the different axial planes
are given in table 1. The value of 3.6 ppm/°® C for the temperature
coefficient agrees with the value given [6] for the type of Pyrex glass
from which the form was made.

TaBLE 1.—Diameter and temperature coefficient of expansion of fized coil H1

[The value given for each axial plane is the average of 24 measurements along the length of the coil in that
plane. The range in values in any axial plane did not exceed 0.000 26 cm. (See also fig. 1.) Length of
fused-quartz end standard at 20° C: 46.316 43 cm. Assumed temperature coefficient of end standard:
0.4 ppm/°C.]

[Date of measurements: August 1940.]

: : Tempera«
9 Diameter | Diameter

Axial plane ture co-

at 26.0°C | at 30.9°C efficient

Degrees cm cm ppm/°C
0 to 180 46. 260 26 46. 261 08 3.6
45 t0 225 ... 46. 260 23 46. 261 08 3.7
90 to 270_ . ---| 46.260 24 46. 261 03 3.5
p i o3 U, FED LY A PR (R k) Tl e SN R P S i e R 46. 260 22 46. 260 99 3.4
P4t I TR RIS G ot B e o B A R T 8L 46. 260 24 46. 261 05 3.6
Ayerage ontSide HamBter At 80000 o e e e T 46.261 05 cm.
Wire) AISInGTer B BabIe: Y tdes ot i ar s S v SRR T B SR 0.069 96 cm.
Mean dRTtelor D WIS B B G S b e Lt s 46.191 09 cm,
Mean diameter of winding ab.80.0%0. ... . Jok  deseld s s s Jop LG Tudnoaiian Vst doysus 46.190 94 cm.

The end standard, to which all the diameter measurements were
referred, was made of fused quartz (clear silica glass). The ends of
this standard were segments of a sphere which had its center at the
midpoint of the standard. The length at 20° C was determined by
the Interferometry Section of this Bureau. In obtaining the length
of the end standard at different temperatures, the temperature
coefficient of the fused quartz was assumed to be that given in the
International Critical Tables, namely 0.4 ppm/°C.

The diameters given in table 1 were measured without any current
in the coil, so that the temperatures of the winding and of the form
were the same. With a current in the coil, the temperature of the
winding was higher than that of the form. The temperature of the
winding under operating conditions was determined from its resistance,
but no satisfactory method of measuring the temperature of the form
has been developed. In order to obtain the effective temperature
of the coil and winding, the diameter of FH1 was measured after it had
carried a current of 1 ampere for several days and was under the same
conditions as when in the current balance. Then the diameter was
1.8 ppm smaller than that computed from the diameter and tem-
perature coefficient given in table 1 and from the measured tempera-
ture of the winding. The appropriate correction was applied to the
final result.

Two sets of measurements of the diameters of the moving coil,
P1, have been made. The measurements made in 1934 were to de-
termine the variation in diameter. The correction for the measuring
force was not applied, and the end standard was not accurately
calibrated. In 1941 the diameter was measured at 3 different tem-
peratures in 12 different axial planes in each of 11 different axial
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positions, from which the mean diameter and its temperature co-
efficient were determined. A summary of these measurements is
given in table 2.

TABLE 2.—Summary of he measurements of the outside diameter of P1

[The value given for each axial plane is the average of 11 measurements along the length of the coil in that
plane. The average range in values in the different axial planes was 0.000 31 cm. Length of fused-quartz
end standard at 20°C: 24.586 18 cm. Assumed temperature coefficient of end standard: 0.4 ppm/°C.
Measuring force: 450 g. Date of measurements: February 1941]

Temperature of measurement
Axial plane
24.9°C 30.0°C 35.4°C

Degrees cm cm cm
LT ko DR O R Aty livees KRGS (0 AR LSRR 24.51303 | 24.513 54 24. 514 07
15t0195._____ i 5 .513 25 .513 75 .514 25
30 to 210 . 513 38 .513 85 . 514 36
45 to 225 . 513 34 . 513 88 . 514 39
60 to 240_ .513 15 . 513 58 .514 18
75 to 255_ . 51272 . 513 22 .513 72
90 to 270. L5612 27 .51278 . 513 30
105 to 285__ i . 51207 . 512 56 .513 10
120 to 300. .- HE 4 . 51207 . 512 56 . 513 03
135 t0 315 e . 512 20 .512 68 .513 21
150 to 330__.___ o 5 . 512 50 . 51292 . 513 48
165.50,845 =3 110 oo Gyl I SRS G R e L L e .512 74 . 513 27 .513 79

IAverhge Slor Feneliline ISR Al i L s NN R Lt 24. 51273 24. 513 22 24.513 74
Outside diameter at 30°C corrected to zero measuring force 24. 513 60 cm.
Diameter of wire (see table 5) 0.051 23 cm.
Mean diameter of winding at 30.0°C__ 24.462 37 cm.
Coefficient of thermal expansion in the range 25° to 35°C_._. 3.9 ppm/°C

Measurements of the diameter with a current in the winding gave
the same value (within 1 ppm) as that computed from the measured
diameter with no current and the measured temperature of the
winding. This showed that the temperature of the winding and form
were so nearly the same that no correction for their difference was
necessary.

The mean diameter of the spiral moving coil, A7, was obtained
from the measured diameter of P/ and the ratio of their radii. This
ratio was obtained by comparison of the magnetic fields produced by
known currents. KEach of these coils was compared with six different
fixed coils. The values of the ratio of radii at 22° C when each fixed
coil was used as an intermediary were given in table 11 of the previous
paper [2]. The diameter of Al was 25.154 52 cm at 30°(C. The
temperature coefficient was 21.0 ppm/°C. With current in the coil,
the temperature of the form was substantially the same as that of the
winding.

The radial depth of A7 and an approximate value of its mean diam-
eter were obtained from mechanical measurements. The results de-
pended on a measurement of the outside diameter, which did not give
an accurate result because of the uncertainty in the correction for
the measuring force. Also, the spacing of the individual ribbons in
the radial direction may not have been exactly uniform because of the
compression of the inner turns in the process of winding. This com-
pression probably accounted for the fact that the mean diameter by
mechanical measurements was 84 ppm larger than that obtained by
magnetic measurements. However, the uncertainty in the outside
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diameter and the compression of the windings were not sufficient to
introduce a significant error in the value obtaimed for the radial depth,
which was 0.6522 cm at 30° C.

2. PITCH

The pitch of the helix, A7, was measured with a cathetometer
[7, 4] equipped with two microscopes which could be alternately set
on the coil and on a meter bar. The coil and the meter bar were
mounted with their axes vertical, and the cathetometer was arranged
so that it could be rotated about a vertical axis. Each microscope
was focused on a ruled line on the wire opposite it. The cross hairs
of the filar micrometer eyepiece of each microscope were set on the
upper of the two lines in the field of view and the readings recorded.
Readings were then taken for the lower lines on the same two spots.
The cathetometer was rotated until the meter bar was brought into
the field of view of the microscopes. Focusing was done by moving
the meter bar with respect to the microscopes so that the original
focusing position of the microscopes was not changed. The cross
hairs of the filar micrometer eyepieces were then set on the millimeter
rulings of the meter bar and the readings recorded. The number of
turns between microscopes was chosen so that the distance measured
was approximately a whole number of millimeters, and the meter
bar was elevated so that the millimeter divisions were in the same
part of the field of the eyepiece as the lines on the spots. From these
readings and the calibrations of the meter bar and of the filar microm-
eter, the distance between the two wires was obtained.

Measurements were made on 1 between five pairs of wires in each
of three axial planes. A complete set was made at each of two dif-
ferent temperatures. From the measurement between each pair of
wires, the pitch was obtained, and this was multiplied by the number
of turns on the coil to give its length. Measurements made from the
middle to each end showed that the pitch was only 6 ppm different for
the two halves. From the measurements at the two temperatures,
the temperature coefficient of thermal expansion in the] axial direc-
tion was 3.0 ppm/°® C. The results of the measurements of the pitch
of H1 are given in table 3.
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TaABLE 3.—Azzal length and pitch of fized coil H1

[The recorded values are the distances between numbered turns. Lengthstandard: calibrated invar meter
bar BS3566. Temperature coefficient: 1.13 ppm/°C. Date of measurements: July 1940}

Axial plane *

Axial interval 0° 180° 270°
31.5°C 26.4° C 31.5°C 27.0°C 31.4°C 27.0°C
Turns cm cm cm cm cm em

s 1 F 7] VETRRRERN LSRR 0 S S 27. 596 82 27. 596 34 27. 596 60 27.596 13 27. 596 52 27.596 18
5 ot RS R S . 596 44 . 596 04 . 596 67 . 596 30 . 596 67 . 596 33
o L PSR AT ARAR I o SR ] . 596 60 . 596 18 . 596 60 . 596 30 . 596 60 . 596 33
SARLO DL h Lo s e L .596 77 . 596 28 . 596 64 . 596 38 . 596 70 . 596 46
S e e . 596 67 So80 ABL] T AT Tl S5 .596 16 . 596 67 . 596 33

Averape. - Lo lc il eise 27. 596 66 27. 596 20 27. 596 63 27.596 25 27.596 63 27. 596 33
Coefficient of thermal expan-

SIONCET R A S 3.3 ppm/° C 3.1 ppm/° C 2.7 ppm/° C
Méan!axial lengthrof 885 turns. 22 Catr ool JhI 4 DLl Gl liiaiGun il 27. 596 64 cm at 31.5° C.
Mean pitahet . b i of -~ 0.079 990 3 cm at 31.5° C.
Mean axial length of 172 turns_____ ~- 13.758 33 cm at 31.5° C.
Mean coefficient of thermal expansion______________________________________ 3.0 ppm/® C.

& Measurements made at the 90° position were not satisfactory. This set of spots was ruled first, and,
because of difficulties encountered in setting up the ruling device when the spacing between the wires was
so small, the lines were not evenly placed with respect to the edges of the wires. Therefore, the few measure-
ments made at this position are not reported.

NoteE.—The half-lengths were measured at the 0° and 180° positions. The pitch of the wires 181 to 1 was
6 ppm greater than that for wires 350 to 175. The length of cach half of the helix was taken as the average
piteh for the whole helix multiplied by 172, the number of turns in each half.

The pitch of the helical moving coil, P1, though relatively unim-
portant, was measured in somewhat the same way as for H1, except
that the axis of the coil was mounted in a horizontal position and a
single microscope used. This microscope was mounted on a track
and its position determined by an accurate micrometer screw. Before
and after each set of measurements the screw was calibrated in place
by settings made on a line standard. Measurements were made of
the length of the whole coil and also of each half. The temperature
coefficient was not measured, since the coil was so short that the change
in length with any change in temperature encountered in these meas-
urements was negligible. The results of these measurements are
given in table 4.

TABLE 4.—Azial length and pitch of moving coil P1 at 24°C

[Length standard: stainless steel decimeter bar BS 6. Temperature coefficient: 10.3 ppm/°C. Date of
measurements: October 1934]

Axial interval

Axial plane First Second Total
half, half, length,
Wires Wires Wires
21tol | 41to21 41tol

Degrees cm cm

1.2998 1.3001 2. 5999
1.3000 1.3000 2. 6000
1.3002 1. 2999 2. 6001
1.3001 1.2999 2. 6000

1.3000 1.3000 2. 6000

2. 6000 em.
- 0.065 00 cm.
_____ 2.6650 cm.
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The measurement of pitch for the spiral moving coil, A7, has no
meaning in the usual sense because there is only one turn in the axial
direction, although there are many layers. The corresponding meas-
urement is the axial breadth of the winding, and in this case it is the
width of the ribbon itself. This was measured with an ordinary microm-
eter and a clamp for holding the ribbon flat. Samples of the ribbon,
taken before and after winding, were measured. The average width
of the ribbon was found to be 0.6364 ¢m, without insulation and this
figure may be taken as the axial breadth of the winding, since, within
reasonable limits, the uneven stacking of the winding in an axial
direction has been shown to have a negligible effect [2].

3. WIRE DIAMETER

The diameter of the wire was measured with a special micrometer
set up for that purpose [4]. The head and tail stock were of the same
type as those used in measuring the diameters of the coils, except that
the secrew was hand-operated and a small light was used to indicate
when the contact on the tail-stock was opened. The wire to be meas-
ured hung from a support above the micrometer and was kept straight
by means of a weight of about 5 kg. The wire was stretched on the
form by a force of about 10 kg. A correction to the measured diameter
on account of the difference in tension was made using a value of 0.34
for Poisson’s ratio. The support could be rotated so that any diame-
ter in a given cross section could be measured, and the micrometer
could be raised or lowered to measure at any particular place along
the length of the sample. Readings could be made to 0.1 micron and
could be repeated to 0.2 micron.

The diameter of the wire of each helix was obtained from samples
taken from the beginning and end of the winding. The diameter of
each sample was measured in either four or eight different angular
positions around the wire. Each sample from HI was measured at
several places along the wire. In addition, an average value of the
diameter of a sample of the wire of H1 was obtained by measuring its
mass, length, and density. A correction was made for the decrease
in density of the wire when it was under tension on the coil. Ksti-
mates of the accuracy obtained in the measurement of the three quan-
tities used in this method indicated that the precision of the mechanical
and density methods was about the same. The results are summarized
in table 5.

The wire for H1 was drawn through a diamond die having a nom-
inal diameter of 0.7 mm. The measurements showed that the wire
was slightly elliptical. The wire for the small moving coil, P1, was
drawn through a sapphire die having a nominal diameter of 0.51 mm.
A set of measurements on this wire showed it to be somewhat less
elliptical than the wire on H1I.

The average value of the diameter of the wire was taken as the
mean of the values obtained by the mechanical and density methods
for H1 and as the mean of the mechanical measurements for P1.
However, the important diameter was the one which was perpendicular
to the axis of the coil, since it was the one which was subtracted from
the outside diameter of the coil winding to get the mean diameter.
A small correction to the average value, which was negative in the
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case of HI and zero in the case of P1, was obtained from the data for
the variation of the wire diameter with angular position.

The values of the various constants of the coils are assembled in
table 6.

TABLE 5.—Diameter of the wire used on H1 and P1

[Temperature: between 28° and 29° C. Date of measurements: July 1937 for P and July 1940 for HI]

Hi P1
EndA | EndB | EndA | End B
mm ~ mm mm mm

Average by mechanical measurements.._...___.________________ 0.6994 | ™ 0.7000 0.5124 0.5123
Difference between maximum and minimum diameters._.___.. .0012 | . 0022 . 0008 . 0009
Average by mechanical measurements...____.____._________ . ____ 0. 6997 0.5123
Average by density, length, and mass measurements. 3 SO P U A
FUNal AVEraga: i o no U e L I cheGa g SR ) L e fy e B[S N et ot Sk e B
Difference between the diameter perpendicular to the axis of

the coil and the average wire diameter_.._____________________ —0.0005 | —0.0005 0. 0000 0. 0000
Final average wire diameter perpendicular to the axis of !

0 o) | MR S e SR e O R S ST Sl 0.6996 ! 0.5123

TasLe 6.—Constants of the fixed helix H1 and the moving coils P1 and Al
[A1l values reduced to 30° C.]

Constant H1 P1 Al

Averageoutside dlameter. Su- oo Lo i s ool e s e e i cm__| 46.260 90 24.513 60 25. 8086
Diameter of the wire in the direction perpendicular to the axis of the

(351 e R B G i e LN e AR s A A LSRR e L cm__| 0.069 96 Q051230 e s ko
Mean diameter of coil (cm):

From mechanical measurements._________________________________ 46.190 94 2446237 0N s Ll

From magnetic measurements. .- lo.. 0.l coiani Ldo o Liall ol ALk 140 B B AR 25.154 52
Axiallength (or breadth)_ ______ p - 27.516 54 2. 6650 0. 6364
Radighdepthiofcollssul .0 U SA- gl To D ked biis L e b Tergalile B S TR e e o s . 6520
Number of turns._.__ 344 41 45
MennDISGHELIN e f 0 e lh i o hpged A i lon i 10 -| 0.0799899( 0.06500 |..cocoo_a---
Resistance of winding in ohms (fop or A winding is given first) ___. {ﬁ ;8?2 } 2. 8206 { g géé
Temperature coefficient of expansion___ Sl ppm/°C__| 3.6 3.9 21
FT RN T TR T S gl S S A s S Pyrex glass| Pyrex glass Alulllninum

4 alloy
Bidnteter ofitheform=< _aicre —l Lol T n el D s cm.__| 46 24.5 24.5
Length of form & 3.6 1.6
Thickness of form (wall Ty o i i sl g
Mass of completed coil 700 473

IV. ELECTRICAL MEASUREMENTS

The measurement of the current through the windings of the coils
in NBS International amperes was made by comparing the potential
drop across a calibrated resistor with the electromotive force of a
standard cell, and computing the current from Ohm’s law. A simple
circuit was arranged which reduced to a minimum possible troubles
from thermal electromotive forces, electric leakage, and calibration
errors. A diagram of the circuit is given in figure 2.

The current from the battery, B, divided at the midpoint of the
fixed helix, HI, so that the values of the currents in the two halves
had to be determined separately in NBS International amperes.
One current was measured directly and the other obtained from the
ratio of the two. The current was measured directly by balancing
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the potential drop it produced in the calibrated resistor, R1, against
the electromotive force of the standard cell, £. The ratio of currents
was measured by a type of bridge circuit in which the calibrated
resistor, R, was connected in series with the moving coil and one-
half of the fixed coil, and another calibrated resistor, R2, was con-
nected in series with an adjustable resistor, B3, and the other half of
the fixed coil. A storage battery, B, was connected in series with
an adjustable ballast resistor, B4, and a reversing switch, S1. The
two parallel portions of the circuit extended from the midpoint of the
fixed coil to the contact which connects the calibrated resistors, R1
and R2, on the slide wire, SW. A galvanometer, G1, was arranged

S3 G2

DPDT-

R3S

[ R4

Ficure 2.—Diagram of the electric circuit of the current balance when using H1
for the two fized coils.

so that it could be connected to either set of the potential terminals
of the calibrated resistors through the switch, DPDT. By adjusting
resistor R3 and the slide wire, SW, the galvanometer deflection could
be made zero for both sets of potential terminals. Then the ratio of
the currents was equal to the inverse ratio of the resistance of resistors
RI and R2. The current in the upper half of the fixed coil was meas-
ured by connecting a standard cell, £, and a galvanometer, G2, across
resistor R1 and adjusting the ballast resistor, R4, until the galvanometer
had a zero deflection. This adjustment did not affect the ratio of the
currents in the two halves of the coil. When both galvanometers
gave no deflection, the current in one-half of the fixed coil and the
moving coil was known in NBS International amperes from the resist-
ance of the calibrated resistor RI and the electromotive force, E, of
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the standard cell, and the ratio of the currents was known from the
inverse ratio of the calibrated resistors B! and R2. In practice RI
and R2 were very nearly equal, so that the two currents had nearly
the same value.

It was more convenient in the computation of the final result to
use a mean current rather than the two individual values. This
mean current was called the equivalent current and was the square
root of the product of the current in the moving coil and the average
current in the two halves of the fixed coil.

With a large-capacity storage battery the currents could be kept
steady to within 1 or 2 parts in a million by almost continuous adjust-
ment on the part of one observer. A preliminary heating period of 2
or more days was required, since the large mass of the fixed coil made
it very slow in attaining an equilibrium temperature.

Sources of error in the measuring circuit were few, and the errors
resulting therefrom were made negligibly small by a suitable design
and careful measurements. Thermal electromotive forces were made
negligible by keeping all parts that were not of copper in constant
temperature baths. Observations made on various closed paths,
which included a galvanometer but no electromotive force other than
thermal, showed that thermal electromotive forces were negligibly
small. Leakage to or from the circuit was reduced to a negligible
value by a careful choice of insulating materials. Frequent measure-
ments were made of the insulation resisitance between various parts
of the circuit and ground to insure that the insulation remained intact.
When the circuit was in use, it was grounded at the slide wire, SW,
so that all potentials were definite with respect to that of ground.
The only parts of the circuit requiring careful calibration were the
two resistors, BRI and R2, and the standard cell. These were frequent-
ly tested by the sections of this Bureau which are responsible for
maintaining the units of resistance and of electromotive force. No
change in the value of any of these standards other than that caused
by temperature was reported during the course of these measurements.
The resistors, BRI and R2, were 1-ohm standards of the latest type,
which had very low temperature and load coefficients. The resistors
were kept in a stirred, thermostatically controlled oil bath, and, when
necessary, corrections were made for temperature and load. The
standard cells were kept in an underground compartment, where the
temperature changed very slowly, so that frequent comparisons with
the standards of this Bureau enabled their electromotive force to be
determined at any time from the observed temperature. This
combination of standard cells and standard resistors gave a current
of about 1.018 amperes.

V. COMPUTATION OF THE FORCE PRODUCED BY UNIT
CURRENT IN THE COILS

The computation of the force produced by a unit current in both
the fixed and the moving coils requires a different formula when the
moving coil and the fixed coil are both helices than that required when
a helix is used with a spiral coil. The two cases will be considered
separately. Because the formulas take quite different forms, the
nomenclatures for the two cases are distinct.
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1. THE FORCE BETWEEN COAXIAL HELICES

A formula for the force between two coaxial helical wires when each
carries unit current has been given by Snow [10]. This formula is
perfectly general so far as the relative vertical positions of the two
coils are concerned. The permeability at all points is assumed to
be unity. The coils of the current balance were arranged as shown in
figure 3 in order to obtain the maximum vertical force on the sus-
pended coil, P1. In all that follows, Snow’s formula has been applied
in accordance with the arrangement of the coils as shown.

The following independent variables are used in the formula

r=mean radius of the fixed helix.
ro=mean radius of the moving helix.
=axial length of the fixed helix (pitchXnumber of turns).
l,=axial length of the moving helix (pitch Xnumber of turns).
N,=number of turns on fixed coil.
N,=number of turns on moving coil.
a=angular separation of the leads on the two helices.

The axial force, f, between the suspended coil, P71, and the upper
half of the soleno1d H1, produced by unit current in each coil, is
computed from the same function of three different quantities, Xl,
X, and Xj, by the equation

J=20" (X)) + o' (X;) — o’ (X5).

The three quantities, X;, X,, X;, are derived from the lengths of

the coils as follows:

_h

S
X2=ll—2—l2
szl-;l.,.

The function ’(X) is resolved into three components; w’s(X), the
principal term; w’,(X, @), a correction term depending upon the rela-
tive azimuths of the two helices; and @’x(X, «), a correction term for
the axial component of current in the helices and lead wires. These
terms are given by the equations:

TLV1LV 9 o TR A T X 1 22
o X) =2 T R R — B+l K )
y i 1rX [2—k?
o (X =g ] e E—2K |

9, € 2
+ 4:/7, - {cos 5 sm“(k cos gg 223 1—k? cos"’%

«
4gin & loge[k sin §+‘ [1—k? cos? 3 |

vi—k? _ll
X n
'x(X,0) —\/Xz—}— (r1+79)* log. 1/712+T22—2 71Ty COS «
where k2=4ryr,/[ X2+ (r+15)7
k> =4ryry/ (ry—ry)?
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and K, E, I are the complete elliptic integrals of the first, second, and
third kinds, respectively, to the modulus £ and parameter k,. These
integrals can be evaluated conveniently by the AGM method as
outlined by King [11] and by Grover [12]. Because the value of f is
the difference of quantities that are nearly equal, the computation of
the o’ functions must be carried to more significant figures than are
required in the result.

As shown in figure 3, the fixed coil, H1, was divided into two parts
that were practically identical; equal and opposite currents in the

A i

N[N

HI

©000000000000000005000000000000000000
00000000000000000000000000000000000000

FicurE 3.—Section showing relative positions of helices P1 and H1.

two halves of H1 doubled the force, f, which, as stated before, was
the attraction of unit current in the moving coil, P1, for unit current
in the upper half of /1 only. Furthermore, the force measured by the
balance was that caused by reversing the current in the fixed coils.
This procedure doubled the force that would have been obtained if
the observations had been made with the current “off” and ‘“on.”
The value of fis in dynes if the permeability of the medium surround-
ing the coils is unity. Hence, the total force, Fyy, in dynes for an
absolute ampere in each coil is

Since the correction terms ’4(X, @) and »"x(X, a) are small, adjust-
ments in the value of the force for unit currents corresponding to small
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corrections to the nominal values of 7, ro, /i, and I, can be made by
means of the following variation formula:

[2do’s(Xy) | do’o(X5) do’ o()x)
6;;6;;:{ s }

2w g(X,)—}—w 0()(2)—"‘*’ 6(X3)
{'zdw oK), do'o(Xs) _do’o(Xp)], }ar
% i

U

T

dry =7 . dn Wit
20 (X1) 4 0’s(Xp) — ' (X3)

{ [2dw’o(X;) dwlo(Xz) _dw'g(X3)— l }5l
@ 160

dl, dl, dl,
2’9 (X1) 4 0'o(Xo) —w’o (X3)

+{ —2dw G(Xl) +dw g(X2> __dw G(X'i) l2}5l2

dlg dlz dl2 gl
20"9(X) 09 (Xy) — 0’9 (X5)

The derivatives in these formulas can be computed by the following

equations:
dw's(X) 27rN1N2, \/ l: {mr= 7’2)
dry K+ (T1+" 2)
dO) a(X) —7|'N1N2 /7'1 (7'2 71)
2 ALY [K S
de’ o(X)_M NN, dX 2] o(X)
dl, Wy} dlee b
do's(X) _y [NN|dX_o's(X).
dlz i lllz dlz l?

where M is the mutual inductance between coaxial circles of radii
ry and 7y, the distance between their planes being X. Values of M
are tabulated against %% in the tables of Nagaoka and Sakurai [14].

A summary of the computations applying these formulas to K1
and P1 is given in table 7. In these computations, the preliminary
values of the measured dimensions were used. The wvariation
formula was used to obtain the value of the force for unit current
when accurate values of the dimensions were available.

435456—42——2
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TaBLE 7.—Summary of computations on force due to unit currents for the helices

P1 and H1

[The following values of the independent variables were used in the computation:

71=23.094 94 cm. 11=27.516 62 cm. N1=344 turns. a=mx/2.]
72=12.230 84 cm. 13=2.665 06 cm. N;=41 turns.
Values of terms for—
Quantities used in computing functions
For X;=1.332 53 X2=12.425 78 X3=15.090 84
__________________________________________ 1.775 636 154. 400 01 227.733 45
X3+(r1+rz)ﬂ_._, 1249. 686 37 1402.310 74 1475.644 18
____________ 0.904 132 50 0.805 728 74 0. 765 687 34
S TS AR . 950 858 82 . 897 623 94 . 875 035 62
b { S P oo Ayt Sl BT T . 095 867 50 .194 271 26 . 234 312 66
Pl riviat L onfl S, .309 624 78 .440 762 14 . 484 058 53
X-\/X‘~’+(n-l-ra)’._ 47.106 139 3 465. 313 647 579.701 25
JEis T G, 2.597 967 32 2.270 422 8 2.185 608
Kep HR T Y 1.496 593 8 1.095811 7 0. 984 537 6
X(n—rz)2/1/X2+(r1+rz)7-. 4.449 016 20 39.164 179 8 46. 367 118
_____________________ —8. 986 943 02 —6.951 484 8 —6.469 126 7
X 12/( .g{H—(r;;l—n)’(K——L‘)-. 70. 498 756 509. 896 139 570.737 68
1273
JW(K—H)__‘ _____________________ —39.983 055 1 —272.249 20 —299. 954 76
S}lm of the two preceding terms___._________ 30.515 700 9 237. 646 939 270.782 92
wlﬂ(X) 36, 875. 966 287,178.74 327, 221.12
o’ o(X,@) - —0.005 3 —0.013 4 —0.010 8
o' x(X,@) —.0047 —.0410 —.048 6

Principal term [20/0(X7)+w/o(X2) —w 9(X3)] 33 709.55 dynes.
Azimuthal correction term [2e’o(X1, @) 4w’ a( X2, @) — o/ a( X3, @) ]= —0.013.
Axial correction term [2&’x(X1, a)+a’x Xz, a)—-w x(X3, a)]=—0.002.
f=383709.54 dynes.
5 - Frr=1348.381 6 dynes.
The computations of the coefﬁcxents in the variation formula for these two helices gave the equation
XL 815“+0 00120, 01522

The following adjustments for differences between the measured values of the dimensions and those used in
the above computation were made:

Snfri=-2L6 ppm il e i o b 8F=—0.0818 dyne.

LAl 1 e U IR O e 8F=+4-0.1145 dyne.

81y and 8ls=0.
Hence for H! and P1 at the dimensions of the coils corresponding to their mean temperatures during the
observation of the force,
Frr=1348.414 dynes.

2. THE FORCE BETWEEN A HELIX AND A SPIRAL

In an unpublished paper, Snow has developed a formula for the
force produced by unit current in a helix and a spiral. The methods
employed were similar to those used on other coil combinations

[10, 15]. The coils were coaxial, as shown in figure 4.
The nomenclature used in the formula is:

a; = mean radius of fixed helix (same as 7; in previous sec-
tion).

a; = mean radius of moving spiral. ]

2b; = axial length of fixed helix (same as [; in previous sec-
tion).

2b, = axial length of moving spiral.

N; = number of turns on fixed helix.
N, = number of turns on the moving spiral.

The force, f, for unit current in the moving coil, A1, and in either
half of the single-layer solenoid, H1, is computed as the difference
of the same function of two different lengths by the equation

f=w'(2)— ' (21),

2¢, ik radial depth of moving spiral.
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Ficure 4.—Section showing relative positions of heliz H1 and spiral Al.

where z,=b, and 2,=0

s )—NlNZ[[l Wi :lM (@)
12a§ 63 (e + B)—2a3 (b3 —c) w)]

o el Rl G S EONORSNO)

a3(3b3—10b3c31-3¢3) \s (w)]
A’ 2 |
The above formula was simplified by using the following:

k? 4ala2/ [zoF (@14 a2)?]

—5b3eiM (@) —

A’=a3i+ta3
r=2/A
= (ai—a3)/(ai+a3)

3zt+-22°— B+ 3?%2?
M@)=— 27

2_2 2 5 4 2 2___3 2 )\
)\2@)___3ﬁ T +E—K2—I:;2-iﬂ2 B M (z)

42°— (25 +42*) N () + (11 +102°— B%) N (2)

Nty 227+

M(2) =4w,/@[%k“—E) —kK]

F()  «k [@—k)
= JaalL1—F

E— 2K]-
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M(2) is the mutual inductance of two circles whose radii are a; and
as, the distance between their planes being z. F'(2) is the force between
coaxial circles carrying unit current of radii @, and a,, the distance
between their planes being z. Note that

[%i)] is not zero when z=0.

Values of F(z)/z can be taken from the tables of Nagaoka and Sakurai
[14], but the values of A (z) given in those tables may not be suffi-
ciently precise. When necessary, M(z) can be computed by the AGM
method as outlined by King [16].

On substituting the two values of z in the above equation for ’(2),
the following form of the equation for f, suitable for computation
purposes, is obtained.

= 0) - 2@ 14452 |

2[A2022[3 2a,2(b2—c3?)) [F (2)]

12a
oz e P+ ) 20— e M)

1T (B 3022) F(2) 3M)
J“?,fs()cﬂll:c2 [(26 4)[ :| }

0],

+{ 2(362_1%22,30222+3C2 H [F(z)] +3M(0)[|

1 F(by) P 5 2—2N\ (11) — o (1)
" 360a,? Tp[“ (557 3022)[ﬁ [ 2 :l

2(3b,t— 10b,%c,®+ 3¢t
+2)\1(x1)"'32(11)}—5522022)\1(11)_‘12 (85, A2x122 (L Cig )7\3(11?1)]]

The formula gives the value of f for the moving spiral and one half
of the fixed solenoid, if all the dimensions are measured in the same
units and if the medium surrounding the coils has unit permeability.
Since there are two fixed coils and since the current is reversed in the
fixed coils, the computed force, Fys, 1s four times f. If Fyg is
expressed in dynes for an absolute ampere in each coil,

4f

Flzs_—‘m‘
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The variation in Fyg with small variations in a;, a,, by, b, and ¢, is

e [ i) Jo a5
% M@O)—M®by) || 2a, ' 2a, b

al_%)"[m)] i s s
2 M(O)—Z\l(bl)

C a2 @l
+{ PR MO =M @®) |
(22 —n@f),

=0

GRS (AR

F(z) F(b)
B ] PR S N
iy M(O) M(by) b,

A summary of the computations for this coil combination is given
in table 8.

TaBLE 8.—Summary of compulations on force produced by umit currents in the
helix, H1, and the spiral moving coil, Al,

[The following constants of the coils were used in the computations:

a1=23.095 53 cm. b1=13.758 25 cm.
a2=12.576 90 cm. b2=0.3182 cm.
Ni1=344 turns. ¢2=0.3260 cm.]
N2=45 turns,
Values of terms
Quantities used in computing o functions
For z=0 For z=13.758 25
0 0. 273 705
0.913 0533 . 794 8224
153.801 03 82. 257 44
1.477 238 0. 402 8606
1 —. 785 656
0 . 332 903
0 4.924 10
c:
P et A Biiseitd b7 (o G e SSC0 (3 A Kl ieni s e 153.809 64 82.262 05
12a}
R 1 D o s e RPN oIS SR A o ST LR R o PR L E B ST S 0.032 272 0. 012 466
3d term.__.._. —. 000 016 . 000 002
Sum [14-24-3]- 153. 841 90 82.274 52
...................................................................... 86 547.07 46 285. 30

[=40261.77 dynes.
Frs=1610.4708 dynes.
The computations of the coefficients in the variation formula for hehx H1 and spiral A1 gave the equation

aFus_o 78"‘“ 2 355‘“+o 066":‘ 0. 00085-— +0. 001515—’

Fus
The following adjustments for dlﬁerences between the measured values of the dimensions and those used
in the above computation were made:

'Sa—= 208 ppny St in 8 Fps=0.1244 dyne.

In the computation the measured values were used for all the other dimensions. Hence for Hf and Al,
Frs=1610.595 dynes
for the dimensions of the coils corresponding to their mean temperatures during the observations of the force.
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3. COMPUTATION OF THE ABSOLUTE VALUE OF THE CURRENT

The absolute value of the equivalent current, I., is computed by
the formula I%,=mg/F. In this formula m is the mass required to
restore the equilibrium of the balance when the current is reversed
in the fixed coil, g is the value of gravity, and F is the computed force
in dynes for an absolute ampere in each coil. The value of the
acceleration of gravity at the elevation of the balance has been taken
as 980.095 cm/sec?, as has been used in the earlier reports.

VI. EXPERIMENTAL DETERMINATION OF THE MAXI-
MUM FORCE BETWEEN THE COILS

The determination of the maximum force between the coils was
made in practically the same manner as described in the previous
reports. The fixed and moving coils were mounted with their axes
vertical and with the center of the moving coil in the same horizontal
plane as the center of the fixed coil. This same plane also contained
the lead to the midpoint of the fixed coil. The planes of the ends of the
coil forms were made horizontal by means of sensitive levels and
leveling screws. In order to ascertain the correct position of the
moving coil with respect to the fixed coil, a series of force measurements
was made with a constant current in the coils. The series consisted
of measurements with the moving coil at different positions along
each of three perpendicular axes, one of which was vertical. The
measured force, when plotted as a function of the position of the mov-
ing coil along each of the axes, had a maximum value at the correct
position on the vertical axis and a minimum value at the correct posi-
tion on each of the horizontal axes. The moving coil was concentric
with the fixed helix when it was at the position of maximum force for
vertical adjustments and at the position of minimum force for
horizontal adjustments. When the coils were set to the correct
positions for all adjustments, the force was measured carefully and
at the same time the equivalent current was measured in terms of
the NBS International ampere, as described in section IV. From
the measured force and the dimensions of the coils, the value of the
current was computed in absolute amperes, as outlined in section V.
The ratio of these two values for the same current gave the inverse
ratio of the two units of current.

As an additional check on the vertical position of the moving coil,
measurements of the force were taken when the current in both halves
of the fixed helix were in the same direction—that is, when there was
no current in the center lead of the fixed helix. Under this condition
there was no force on the moving coil when it was midway between
the two ends of the fixed helix, but there was a force, either positive
or negative, when the moving coil was displaced up or down from the
midpoint of the fixed helix. The graph showing the measured force
plotted against the vertical displacement of the moving coil was a
straight line. From this line, the position of the moving coil at which the
force on it was zero was determined. Experimentally, this position
was found to be the same as the position for maximum force when the
currents in the two halves of the helix were in opposite directions.
This was expected, since both methods indicate the position at which
coils are concentric. However, the method using the currents in the
same direction located the concentric position more accurately than
could be done when using the currents in opposite directions.
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The effect of the leads was measured by short-circuiting the twisted
lead-in wires as near to the coil windings as possible and measuring
the force with normal current in the other coil and in the leads of the
coil in question. This force was added to or subtracted from the
total force measured to get the true force. A small residual effect
might still remain, caused by the fact that a long helix has to have a
long axial return for the leads. This was made negligibly small by
keeping these return leads in a vertical plane, and by keeping the
area of the loop formed by the leads small. The lead residual effect
was a function of the projected area of this loop area on a horizontal
plane, so that it was not difficult to keep the effect of the loop below
1 ppm.

I')IPhe force was measured as in the previous work by observing the
change in the rest point of the balance when the current in the fixed
coils was reversed and the weight added (or removed). One person
observed and recorded the swings of the balance and another regulated
the currents. A series of turning points (usually five) was used to
determine the rest point of the balance. Then the current in the
fixed coils was reversed, the weight changed, and the rest point was
again determined. A series of at least five of these rest points was
obtained in determining the mass required to compensate the electro-
magnetic force under any given set of conditions. The difference in
the rest points for the “on’ and “off” positions of the weight multiplied
by the sensitivity of the balance gave the amount to be added to
(or subtracted from) the mass of the weight to give the mass required
to balance the electromagnetic force on the moving coil.

The accuracy of the measurement of the force was limited by the
irregular oscillations of the balance. The principal cause of these
irregularities was the heating produced by the electric currents in
the fixed and moving coils. Water cooling was not feasible even for
the fixed coils, so that all the heat had to be dissipated into the air.
With normal currents the coils generated heat at the rate of about 25
watts for the fixed coil and 2 or 3 watts for the moving coils. If
allowed to come to equilibrium, the air in the closed coil case was
heated about 3° C above the room temperature when the coils were
9° or 10° C above room temperature. Under such conditions the
swings of the balance were somewhat erratic. However, when the
coil case was ventilated by small openings at the top and bottom,
or by drawing air from the top of the coil case with a fan, the tempera-
ture of the air in the coil case was the same as that of the room and
and the coil temperatures were 6° or 7° C above room temperature.
The swings of the balance became more regular after the ventilating
system was installed. All of the final results were taken with either
the natural or artificial ventilation of the coil case.

The interior of the fixed coil formed a chimney through which flowed
the air that both cooled and disturbed the moving coil. In an attempt
to streamline the air flow through the chimney and around the moving
coil, a honeycomb made of small tubes was placed in the chimney
directly under the moving coil. Some improvement in the operation
of the balance was noted after the installation of the honeycomb so
that it was used when the final observations were made.

After the coils were adjusted to be coaxial and concentrie, about
10 determinations of the force were made with the same currents and
with the coils at nearly constant temperatures. The conditions were
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sufficiently constant so that average values of temperature and force
could be taken for the whole set and the computation made for this
average condition. The mechanical measurements of the dimensions
of the coils were made after the force measurements. In order to
reduce the uncertainty caused by temperature corrections, one set of
the mechanical measurements was carried out while each coil was
held at a temperature approximately the samefas'the average tempera-
ture it attained in the current balance.

Tables 9 and 10 contain a summary of all the sets of observations
which were taken after the coils were adjusted to their correct posi-
tions, and after the erratic oscillations of the balance had been
minimized. From these the final average result for each set of coils
is obtained. This computation is outlined in table 11.

TaBLE 9.—Results of measurements of force with helices H1 and P1

[Note: é=average difference in scale reading of rest points of the balance corresponding to “‘on’” and “off”
positions of weight. Sensitivity of balance: 1.21 mg per cm. Mass of weight (a platinum cylinder):
1.427 655 grams]

Temperature
Difference
Date 1940 e e in rest
Room oi PI points=4
Gase Upper | Lower
half half

°Cc °C °C °¢ °C cm

22.5 22.2 | 29.24 | 29.06 | 28.01 0.19

24.2 23.8 | 31.08 | 31.51 30.13 20

23.7 23.8 1 30.99 | 31.06 [ 29.76 22

23.8 23.8 | 30.88 | 30.70 | 29.51 18

23.8 23.8 | 30.67 | 30.68 | 29.49 18

2.7 23.5 | 30.31 | 30.29 [ 29.21 14

23. 4 23.3 | 30.25 30.05 29.00 21

23.5 23.3 | 30.24 | 30.13 | 29.05 19

24.8 24.8 | 31.90 | 32.57 | 31.25 19

24. 4 24.6 | 31.76 | 32.13 | 30.81 20

23.6 23.8 | 30.68 | 30.74 | 29.58 20
________________ 30.77 | 30.81 29.62 | 0.19 =40.005

S S
30.22°C

Average é X sensitivity of balance=0.231 +0.006 mg.

TABLE 10.—Results of measurements of force with coils HI and Al

[Note: §is the average difference in scale reading of the rest points of the balance corresponding to “on”” and
‘off”? positions] of weight. Sensitivity of balance: 1.17 mg per cm. Mass of weight (a platinum cylinder):
1.705316 grams

Difference in rest
Temperature points=3s
Date 1940 Al H1 o gorrected for
Room 0! Al - eparture of
case served Al from
Upper | Lower
half | half SO
26 Lo °C o0 °C cm cm
25.2 | 30.08 | 31.90 | 31.00 0.09 0.07g
25.4 | 30.26 | 32.04 | 31.14 11 084
25.5 | 30.37 | 32.19 | 31.31 06 024
25.5 30.42 | 32.22 | 31.34 11 07
25.5 | 30.42 | 32.24 | 31.35 09 050
24.5 | 29.41 | 31.16 | 30.32 | —.01 03¢
24.6 | 29.50 | 31.27 | 30.42 03 068
24.7 | 29.68 | 31.43 | 30.56 02 043
24,7 | 20.66 | 31.47 | 30.60 .03 . 055
24.7 | 20.70 | 31.48 | 30.62 .07 .09y
........ 20.94 | 31.74 | 30.87 0.06p | 0.060 ==0.005
L N AL
31.30

Average § X sensitivity of balance=0.072 +0.006 mg.
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TaBLE 11.—Calculation of final results
[Value of acceleration of gravity 980.095 cm/sec.?]

P =HI Al, H1

Mass ofowalghbo e o oo bioas . v day o Viin o dtdee o e i S e Y 8- 1. 427 655 1.705 316

ST TS o gire 11007 Nk N R Sl R o R g i —.000 077 | —.000 092

Lead correction:
Moving coil -

Fixed coil

& Xsensitivity of ba
Neotcompensatinganass con o0 od Lt s R e T S e L il 1.427 723 1.705 283
Measured electromagnetic force (compensating massXgravity) ... _ dyne; 1399. 304 1671. 339
Calculated force for unit current for average temperatures involved (from tables

T B e R R R e e R ) L A M T dynes._| 1348. 414 1610. 595
Equivalent current in absolute amperes= \/ M _________________ 1.018 696 1.018 683

. calculated force

Emf of standard cell____NBS International volts (average during time of runs) __ 1.018 366 1.018 360
Resistance of standard resistor Rf _.________________ NBS International ohms. . 0.999 531 0.999 531
Resistance of standard resistor R2_.________________ NBS International ohms. . 999 527 .999 527
Equivalent current_._________________ NBS International amperes. . 1.018 847 1.018 841
Ratio of eqiiyalont OUTBONE T be/ I N BE- - ot s s o h s s s s o e s B i 0.999 851 0.999 845

VII. DISCUSSION OF RESULTS

The ratio of the value of a current in absolute amperes to its value
in NBS International amperes, as obtained from measurements with
the helix HI as the fixed coils of the current balance, is the average of
the two ratios given at the end of table 11. This average ratio is

1 NBS International ampere=0.999 848 absolute ampere.

In the previous investigations the sources of error have been dis-
cussed in detail [2,8]. In general the same discussion applies to this
determination. However, several of the larger sources of error have
been reduced in size. Table 12 gives the errors that are estimated to
be as large as 1 part in a million. The uncertainty appears to be
about 10 parts in a million for the results involving A7 and somewhat
less for the results with P1. This does not include the uncertainty
in the value of gravity, which may be as large as 10 ppm.

TaBLE 12.—Sources of error causing an uncertainty in ratio Inps/Iaps as large as

1 ppm
Fixed coil H1 Fixed coil H1
Moving| Moving Moving|Moving

coil coil coil coil

Pl Al El Al

ppm ppm ppm ppm
Adjustment of coils.__.___________ 1 1 || Finite cross section of moving coil_|________ 3
Temperature of coils__.. 1 1 || Distribution of current over cioss
Measurement of the force. 2 2 sectionof wire._.-___.__....___.
Lead corrections.._______________. 2 2 || Calibration of standard of mass._._ 2 2
Radius of the fixed coil.__________ 1 1 || Acceleration of gravity__._.______. 10 10
Radius of the moving coil . _______ 1 3

The result of this determination differs by 14 parts in a million from
the we ghted mean as published in 1939 [2]. That weighted mean
included some results taken with the older type multilayer wire-
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wound coils. Since the position of the wires in those coils was un-
certain, the uncertainty in the distribution of current over the cross
section of the coils introduced an uncertainty in the absolute value
of the current. Since the results obtained when using the two types
of improved coils agree among themselves but differ considerably
from the average of the diverse results obtained with the multilayer
wire-wound coils, the values based on the work with helical and
spirally wound coils are the only ones that are included in the final
résumé. All the results in which only the spiral and helical coils
were used are summarized in table 13.

TABLE 13.—Summary of the results with spiral and helical coils

Fixed coils Moving coil Rggu;oéglreen\??hilg
absolute amperes | Deviation
Halt {\(I) Bltg \;altue in | from mean
i i esig- nterna-
Desxgnathn Type nation Type tional amperes
5 A ppm
Bl Blooooeeeieeean e e b2 } At | Aluminum ribbon. 0.999 8538 -3
Alinibant forne P1 Copper wire_._.___ . 999 8512 -1
Hlooooooooooeeoos Helix of copper Al Aluminum ribbon 999 845 +5
gg; on glass P1 Copper wire....._. . 999 851 +1
Averagec il L ol e ol i u i ne cre s el o Ll 0. 999 850 =+3

» These values were taken from the preceding paper [2].

The determinations given in table 13 with the two different types of
fixed coils are nearly independent. In the determination with the
fixed coils, BI and B2, the ratio of radii of each moving coil to each fixed
coil was individually determined by an electrical method. From these
data, the ratio of the radii of the moving coils, A7 and PI, was ob-
tained. This ratio was used to obtain the radius of A7 from the
measured radius of P1. Hence only the one result obtained when
using H1 and P1 was entirely independent of the electrical method of
measuring the ratio of the radii.

The authors are of the opinion that the best value of the ratio of the
units of current as the result of the work at the National Bureau of
Standards is

1 NBS International ampere=0.999850 absolute ampere.

The authors acknowledge assistance from many members of the
staff of the National Bureau of Standards and in particular from
H. L. Curtis, C. Snow, and C. Moon.
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