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Preliminary Results of a Determination of the Newtonian Constant of Gravitation:
A Test of the Kuroda Hypothesis

Charles H. Bagley and Gabriel G. Luther
Physics Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87544

(Received 10 December 1996)

Two preliminary determinations of the Newtonian constant of gravitation have been performed at Lo
Alamos National Laboratory employing low-Q torsion pendulums and using the time-of-swing method.
Recently, Kuroda has predicted that such determinations have an upward bias inversely proportiona
the oscillationQ, and our results support this conjecture. If this conjecture is correct, our best value fo
the constant iss6.6740 6 0.0007d 3 10211 m3 kg21 s22. [S0031-9007(97)03004-4]

PACS numbers: 04.80.Cc, 06.20.Jr, 62.20.Dc
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Interest in the value of the Newtonian gravitation
constant,G, has increased recently with the publication o
several disparate results [1–4]. This discrepancy, as m
as 50 standard deviations, is an error unheard of in
measurement of any other of the fundamental consta
A torsion pendulum instrument has been assembled at
Alamos National Laboratory which determinesG by the
method of Heyl, also called the time-of-swing metho
and preliminary results of this effort are reported here
Kuroda has shown [5] that popular models of anelastic
predict a bias in these determinations where the damp
of the pendulum is caused by losses in the suspens
fiber, and this upward fractional bias should be1ypQ.
Two determinations were carried out employing system
which differ in Q by a factor of 2, and the disagreement o
their results is consistent with that predicted by Kuroda

In a time-of-swing, or Heyl-type, measurement, th
oscillation frequency of a torsion pendulum is perturbed
the presence of source masses. In their absence, the
oscillation frequency, squared, is related to the moment
inertia, I, and fiber torsion constantKf by

v2
n  KyI . (1)

The interaction potential energy of the pendulum a
source masses,Ugswd, contributes a “gravitational torsion
constant,”

Kgswd 
d2Ugswd

dw2
, (2)

wherew is the angle between the axis of the pendulu
and that of the source masses. Therefore, the frequenc
small oscillations of the pendulum is

v2  sKf 1 KgdyI . (3)

The gravitational torsion constant is at a maximum wh
the pendulum is in line with the source masses (w  0,
or “near” position), and at a minimum when it is perpen
dicular (w  py2, or “far” position). It is proportional
to G, and is calculable from the geometry and densities
the pendulum and masses, so the gravitational constan
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given by

G 
Dsv2dI

kgsw  0d 2 kgsw  py2d
, (4)

where kg  KgyG, and Dsv2d is the difference of the
square of the frequencies recorded at the two orientatio

The above derivation assumes thatkg remains the same
at each orientation, but this assumption has been ca
into question recently. Interest in gravitational wav
detectors has spurred research into the anelastic prope
of suspension materials at low frequencies, and one mo
of anelasticity has been shown [6–8] to predict accurate
the behavior of several different materials. This mod
treats a physical spring as a perfectly elastic spring
parallel with a continuous number of Maxwell units
characterized by a spectrum of relaxation times. T
model predicts that the torsion constant is a function
oscillation frequency. Kuroda [5] has shown that, for
Heyl-type measurement ofG where the principle source
of damping is the fiber, the measured value ofG will be
biased upward by a factor ofs1 1 1ypQd. [Newman has
further demonstrated [9] that, for any function of dampin
strength versus damping time, the maximum possible b
predicted by the model iss1 1 1y2Qd.]

Therefore, we performed two determinations ofG hav-
ing oscillation quality factors which differed by a facto
of 2. Different tungsten wires were used to suspend t
same pendulum in the same apparatus, one wire hav
a gold coating which made it more lossy. The dampin
of the system was known to be produced by the loss
in the wire since the system was under the same vacu
pressure in each case, and, in a previous experiment,
same pendulum at a similar vacuum achieved aQ an or-
der of magnitude greater when suspended from fused si
fiber. The determinations therefore test the prediction
Kuroda. The damping now occurs in the malleable loss
in the gold coating, and the frequency is determined by t
elastic constants in the tungsten core. While these seem
be different from the model defined by Kuroda, we believ
that the disparity is negligible and remains a good test
his hypothesis.
© 1997 The American Physical Society 3047
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The logic of the experiment may be summarized as f
lows: The same apparatus, at the same vacuum, usin
quartz fiber chosen to have the same oscillation frequen
has aQ greater than104. (The lack of conductivity of
the quartz fiber prevented an accurate determination ofG.)
A tungsten fiber, again with the same bob, the same f
quency, the same pressure, attained aQ of approximately
103. Again, with a gold-coated tungsten fiber, theQ was
approximately 500. Therefore, the damping in the gol
coated and bare tungsten fibers was inherent in the ane
tic quality of the fiber and not in a velocity-dependen
damping (residual gas). It was therefore a test of Kurod
hypothesis.

A schematic of the apparatus appears in Fig. 1. T
source masses are sintered tungsten spheres app
mately four inches in diameter weighing 10.489 980 a
10.490 250 kg each, and have been used in previous
periments [10,11]. These spheres are situated upo
round table of Cervit glass held by a nonmagnetic a
minum air bearing. The table can be located at any an
by a stepper motor, and its position read out by an a
solute shaft angle encoder. The separation of the sphe
to which the determination ofG is sensitive, is determined
by reference to an inner bearing race which fits betwe
them, and this race is measured against gage blocks.

The pendulum consists of a tungsten “dumbbell” an
a small mirror, connected by a rigid vertical shaft. Th

FIG. 1. A schematic of the apparatus used in the determi
tion of G.
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dumbbell is, in fact, composed of two disks of tungste
(diam  7.1660, thickness 2.5472 mm) mounted on
the ends of a narrow tungsten shaftsdiam  1.0347 mmd.
The overall length of the small mass system
28.5472 mm. The mirror serves as the reflector
an optical lever by which the angle of the pendulum
recorded over time. It is viewed by an autocollimato
The pendulum had a period of oscillation of 210 sec wh
suspended from either12 mm tungsten wire.

An eddy current damper, whose purpose is to damp
the swing mode of the pendulum, is located roughly on
fifth of the way down from the suspension point of th
wire. The top one-fifth of the suspending wire consis
of a quartz optical communication fiber140 mm in
diameter which has been rendered electrically conduct
by vacuum deposition of chromium and gold. This quar
fiber is flexible enough to allow the damping element
swing with the motion of the pendulum, but has a torsio
constant greater by a factor of104 or more, preventing
the element from twisting with the pendulum and there

FIG. 2. Typical data record of the oscillation frequency in th
“near” and “far” positions. Note that the diurnal drifts ofv2

are similar in the two positions and nearly cancel when they a
subtracted to obtain the value ofDsv2d.
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TABLE I. Error budgets for the two determinations in ppm of the final value ofG.

Expt. #1 Expt. #2

(ppm) (ppm)

Data: Dsv2d 103 90

Metrology: Separation of spheres 106 55
Dimensions of bob 42 42
Attraction of mirror 20 20

Moment of inertia of mirror 12 12
Moment of inertia of couple 10 10

Masses of spheres 5 5
Alignment error 54 36

TOTAL 165 122
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selectively damping the swing mode without significant
reducing the torsionQ.

The pendulum is encased in a stainless vacuum syst
maintained at an atmosphere of1027 torr by an ion pump
near the suspension point of the wire.

The apparatus was located in a dedicated, isolated bu
ing (LANL Bldg. TA33-151) far from human activity atop
a tall mesa composed of porous tuff, a soil incapable
supporting a water table. The room in which the instr
ment sat was sealed and insulated with 3 in. Styrofoa
board, and several feet of loose earth piled atop the bu
ing, keeping its temperature constant to within 1±C over
the course of a day.

In the first determination, the internal damping of th
uncoated tungsten wire allowed aQ of 950, while in
the second the gold-coated wire allowed aQ of only 490.
The separation of the centers of mass of the tungs
spheres was as follows:

Expt. #1 sQ  950d : 71.9092 6 0.0025 mm,

Expt. #2 sQ  490d : 69.8567 6 0.0013 mm.
Data were taken for each determination by the followin

regimen: The large masses were positioned alternat
in the near and far positions, the table rotating by 9±

each half-hour, between which time the oscillations of th
pendulum were observed by the autocollimator. Forty
ninety such half-hourly records were taken in a group, af
which the site was visited in order to collect the data an
initiate the next set. After several weeks of recordin
the spheres were removed from the table, and a week
further data was recorded using the identical regimen
tare the measurement by investigating the attraction of
positioning table. No attraction was detected.

Figure 2 shows a typical forty-hour record of the oscilla
tion frequencies in the near and far positions, the values
ing extracted from the angle-time data of the pendulum
fitting to sinusoid. Each record displays a diurnal variatio
and drift, but they are slow with respect to the hourly cyc
of measurement, so the difference of squared frequenc
Dsv2d, does not display as great a variation. The value
Dsv2d did not manifest long-term drift over the course o
either experiment.
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The gravitational torsion constants for the near a
far orientations, as they appear in Eq. (4), are calcula
from an expansion of the potential of the elements
which the dumbbell is composed, via Lowryet al. [12].
The attraction of the mirror is likewise calculated from
a multipole expansion, and its contribution, roughly o
one-thousandth of that of the dumbbell is included. T
moment of inertia of the pendulum is determined from
geometry and densities.

Error budgets for each determination are given
Table I.

The values for G as determined by the two ex
periments are6.6761 6 0.0011 and 6.6784 6 0.0008
s310211 m3 kg21 s22d, disagreeing by 345 ppm. The
difference predicted by Kuroda is 315 ppm, and
our results agree quite well with him. Applying
correction as indicated by Kuroda [5], the value
for G are 6.6739 6 0.0011 and 6.6741 6 0.0008
s310211 m3 kg21 s22d. Combining these two values, we
obtain 6.6740 6 0.0007 s310211 m3 kg21 s22d. This
is in contrast with the previous work by Luther an
Towler [10] which yielded a value of6.6726 6 0.0005, a
difference of 2 standard deviations.

Work on the determination ofG by this method is
continuing at Los Alamos and will employ different
higher Q, suspensions and an improved small ma
system.

We owe a great deal to the personnel of the phys
division of the Los Alamos National Laboratory, esp
cially John Wilkerson, Tom Burritt, Don Martinez, an
Tom Lopez. We thank Rogers Ritter at the University
Virginia for the use of the large spheres.
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