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A Laboratory Experiment to Measure the Time Variation of Newton's

Gravitational Constant

R. C. Ritter, J. W. Beams, and R. A. Lowry
Department of Physics, University of Virginia

Charlottesville, Virginia 22901

1. Introduction

The possibility that Newton's gravitational constant, G, varies
in time was suggested theoretically by Dirac on numerological
grounds.l Brans and Dicke? have proposed a specific scalar-tensor
theory which predicts a variation, with time, in G; and it is also
true that most metric theories of gravity3) make such a prediction.
As evaluated thus far the most serious of these theories predict
that G/G ~ 10710 o 10711 per year.

Because of the small value predicted for G/G experiment
has not had any effective bearing on this problem until recently.

In fact, no direct laboratory experiment has reported on this, and
only a few indirect results from astronomical observations are avail-
able., 1In particular, the most recent implications from analysis of
radar ranging to inner planets%) has set ¢/c = 4 +8) x 10711 per
year. Lunar occultation experiments have given a value (-7.5 +
2.7) x 10°11 per year. Another result,6 the rate of slowdown of the
period of pulsar JP 1953, infers an upper limit of 7 x 10-10 per

year for G/G. The improvement, in time, of the radar-ranging pre-
cision is automatic and, thus, offers hope of a serious test at the
level of 107" in a few years.

It is true, regardless of the astronomical results, that a
laboratory test of G/c at or near the level of 10~ -11 per year would
be scientifically of hlgh interest. Su€h an experiment is what we
will describe. )

A fedback Cavendish balance configuration, optimized for sensi-
tivity and stability rather than absolute accuracy, can, in princi-
Ple, provide the requisite precision. It would be critically damped,
tooled to § 1° X and would rotate at a constant angular velocity of
a few rpm. The previous experiment which most nearly approaches this

629




630 R.C. RITTER, JW. BEAMS, AND R A, LOWRY

one, in terms of progerties and problems, is the Eotvos-type of
experiment by Dicke. )

2. General Features

Large and small dumbells (Fig. 1) provide a gravitational mass
quadrupole~-quadrupole interaction. The torsional restraint for
such a system will most likely not be a torsion fiber, thus avoid-
ing questions of solid state stability of the fiber. It would be
desirable, in fact, to use centrifugal forces for the restraining
torque, but we have not found satisfactory configuration for that,
Present plans are to use a magnetic support and an eddy current drag
for the main part of the restraint. This, admittedly, puts electro-
magnetic forces into the question of any observed variation, but it
seems our best present option. Calculations indicate that special
high-resistance alloys can be made which will have resistence with
the needed stability and temperature independence.

Scaling of the experiment is important in a number of the
aspects of design. The gravitational torque experienced by the small
mass system, in the rotating coordinate frame, is factored into a
scaling factor f and an angle function F(x,0):

2
s
T =f F(x,8); f=26Gmm —l§»= %_QQ%’
8 El Kl
( )
F&ﬁ)=snw 1 _ 1

x /2 /2

t(l + x2 - 2x c086)3 a + x2 + 2x cose)3

where Q = the guadrupole moment of the large mass, q = the quadrupole

N
O™

= 3
Tg =1 F(x,0} . X'l,

o

- Si
y.sin® ! - 1
Fx®)==% {1+ x2-2x cos 6772 (1ox2‘2xcose)3/2}

| Fig. 1. Torsion balance configuration showing the factorization of
‘ the torque into a scaling part £ and an angle-dependent.
part F(x,8)
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moment of the small mass, and other symbols are shown in Fig. 1.

If Kl =10 cm, m = 0.5 Kg, M= 5 Kg, and x = 0.5,

then £ v 0.0l dyne-cm. Tungsten balls with these masses will fit

into these dimensions, but very much less dense materials will not.
Our primary use of scaling is in connection with the signal-to-

noise ratio. The signal due to a change in G is given by

8T
de = —& (2)
dT
where § = jig~= the fractional change in gravitational torque during
g

the measuring period and C is the restoring torque coefficient.

For an angle-independent restraining torque, such as an eddy
current drag or a fiber with many turns, the restoring torque coef-
ficient C is purely gravitational, as can be seen from integrating
equation (1) with respect to angle (Fig. 2). V(x,0) provides the

Vo= fV(x9)
1 1 1 1 }
V(x,0)= -
*8) X2 ix22x cos8  V1ex2-2xcos © e
4 T T ¥ T T T T T
\ V ttotal)
L \\
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Fig. 2. Potential as a function of angle showing the gravitational
and restraining parts.
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curvature in the total potential function of angle and hence the
restoration to an equilibrium angle. Thus, C = v BTE This

502 99

can be determined by a combination of the scaling factor f and the
setting of the equilibrium angle 6, by adjustment of the slope of
the drag potential V(restraint). Once a factor f is chosen, vary-
ing 8, changes C radically with small change in the equilibrium T .
The rms value of the thermal noise is given by the usual relﬁtion
ae_ <, (3)
where k is Boltzmann's constant and T is the temperature,
The signal-to-noise ratio is therefore given by

ST
de
S/N = Zg;‘w = = = (4)

where W is a signal-averaging factor related to the way the final
data is treated, T is the natural period of the balance and I is the
moment of inertia of the small mass system.

3. Design of a Cavendish Balance Experiment

Since W is independent of f, Eq. (4) shows that S/N ~VE. That
is, a larger experiment should improve the signal-to-noise ratio.
Other factors such as the effect of external masses will favor a
smaller experiment.

To use Eq. (4) to evaluate parameters of the experiment, we
need to determine the signal-averaging factor W. An expression

S
W= _T—_, (5)
e .

is derived from elementary statistical considerations, assuming inde-
pendent samples of the signal at intervals 1o, the effective response
time of the experiment. In the equation S is the total observation
period.

This expression considers the fact that the rms value of fluc=
tuations cannot be reduced below Eq. (3) by varying the damping or
the moment of intertia, or by feedback. Feedback can, however, re-
duce the effective period T, and thereby increase the number of sam-
ples in time S.

If a reasonable experimental strategy is to observe changes in
G of 10711 per year in a two month period to an accuracy (S/N) of
10, this puts a great burden of precision on the experiment. Operat-
ing at 10 mK®, using positional and derivative feedback to greatly
reduce the value of 1., -and using masses and lengths as previously
given, we arrive at the following parameters: 1 = 2.44 x 10V sec
(28 days), C = 1.7 x 10~/ dyne-cm/radian and d6 = 3.9 x 107/ radians.
The accomplishment of this requires that certain feedback criteria
and angle sensing sensitivity be met.
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Predicted disturbances or drifts in the system are listed in
Table I.

Table I: Sources of Disturbances or Drifts

A. Internal

Mass Stability

Dimensional Stability
Angle-sensor Stability
Thermal Noise

Electrostatic Variations
Thermal Variations

Pressure Variations

Stability of Angular Velocity

O~y UT R WN

B. External
1. Magnetic Field Variations
2. Surrounding Mass Vibrations
3. Ground Vibrations

Mass, dimensional, and angle-sensing stabilities to better than
107t per year are within present technology, since the system is
cooled to 5 1° K. This cooling also establishes an adequate level
of thermal noise and is expected to control thermal and electrostatic
variations. At the present time, little is known about the varia-
tion of small electrostatic forces in a supercooled system, but
superconductivity is obviously an important feature in this respect.
A superconducting magnetic shield, essential in this experiment,
will be a concommittant aspect of the cooled design.

Changes 1in gravitational gradients, such as tidal effects or
extraneous masses, disturb the equilibrium point of the balance.

In analogy with the torque calculation of Eq. (1) we can determine
the anomalous torque T, of some extraneous mass M at a distance r.
Its relative magnitude is

Ya _ M

_a_ 1. (6)
T ~2M° 3
g .

r
The instantaneous value of this is 1012 for a 100 Kg man at %100
meters with a system scaled as above. For this reason Dicke’’ used
an octopole configuration to gain a higher inverse power of depen-
dence on distance. In our experiment, however, rotation of the en-
tire system with a period much shorter than the natural period of
the balance provides an averaging and filtering function which is
the equivalent of an off-resonance driving torque. Thus, the actual
amplitude is reduced by a factor of approximately wgp“ where Wy is
w2q’

the resonant frequency of the balance and w is twice the rotation
frequency. The expected parameters are such that w 7 10° wg and Q
should be v unity (critical damping).

Vibrations are expected to be one of the most serious of the
disturbances. The nature of the problem can be seen in Fig. 3,
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which is an electrical circuit analog. Due to the high sensitivity
(small value of C) needed in the balance, the coupling between mass
systems is extremely weak, represented by a high impedance Zp. Iso-
lation from ground (the driving point) and the large mass system
will be as‘good as possible, but cannot be expected to lead to
Z1 >> Z,. Methods used in gravitational wave detection will be em-
ployed to some extent, but the fact that our signal is nearly dc
as compared with lO3 Hz adds complications. A feedback-corrected
vibrational, isolating support table with response down to 0 Hz will
be used and can be expected to give improvement of a factor of 30.
Fortunately, the same filtering effect of rotation which applied to
external mass effects will also apply to vibration. Judicious de-
sign is needed to assure the appropriate directional properties for
the vibrational isolation.

Feedback in the balance will be used to help in many of these
problems, for example, in the reduction of the effect of vibrations
as in Fig. 3. If the impedances Z{ and Zy are equal, the improve-
ment is v 1/2 8189+

The system differential equation is

16 + K6 + C6 = F(t), (7

where the driving function F(t) includes all disturbances, as well
as the signal. Feedback, in addition, is incorporated in F(t).
Position-sensitive feedback, in effect, adds to the stiffness C,
while derivative feedback can increase the damping to optimum without
increasing noise.® In order to perform this with appropriately
long time constants, a digital computer will be needed.

Angle sensing must be sensitive and stable, and must not contri-
bute appreciable noise. Two methods are still being considered:
laser interferometry and position-sensing based on the SQUID magne-
tometer. Either are technically capable of meeting the requirements,
but the laser interferometry is perhaps simpler.

Earth A

Vibrations  ®
(Mag. N)
Z
Impedance of
Vibration . . . .
(z,9) olation Flg: 3. Electrical circuit
equivalent to the main vibra-
. tion properties of the experi-
N = 22 B¢ Large Mass System ment.
BC 21422
Z, Impedance of

Coupling Between
(Z,/3,) | Mass Systems

CJ Smal Mass System

— (Inertial Point)
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A concept of design envisaged now is shown in Fig. 4. Four
small mass systems in a symmetrical arrangement can provide intrin-
sic cancellation of vibrational effects, averaging of noise and in-
ternal testing of drift. The signals 1-4 can be summed electronical-
ly, mechanically (in part) or optically. Electronic summation of
the four separate sets of data offers the best internal testing of
drift but is the most complex.

Caution must be applied to any attemt to measure to a part in
1011, but the intrinsic aspects of this design do not imply a limi-
tation to our ability to achieve this.

(I
On® f

Fig. 4 Two

drawings of a
highly symme-
trical system.
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