
VOLUME 72, NUMBER 8 PHYSICAL REVIEW LETTERS 21 FEBRUARY 1994

Determination of the Gravitational Constant at an EfFective Interaction
Distance of 112 m
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The Newtonian gravitational constant has been determined at an effective interaction distance of
112 m. A high-precision balance was used to compare the weights of two 1-kg stainless steel masses
located above and below the variable water level of a pumped-storage lake. Rater-level changes up to
43 m produced a maximum weight difFerence of 1290 pg, which could be measured with a resolution
of ( 1 yg. The data yield a value for the gravitational constant G of (6.6700 6 0.0054) x 10
m kg s (lo), in agreement with laboratory determinations. New limits for the strength of
possible new intermediate-range forces are placed.

PACS numbers: 04.80.Cc

Since 1986 [1] several experiments have been performed
to search for deviations from Newtonian gravity. The de-
viations are interpreted in terms of a new fundamental in-

teraction called "fifth" force. Composition-dependent vi-
olation of Newtonian gravity is well excluded by torsion-
balance experiments [2]. This paper describes an exper-
iment to search for a composition-independent violation
of the inverse-square law in the range 10 cm to 100 m

[2,3]. The potential energy describing the interaction be-
tween two masses, including a Yukawa-type term, may
be written as

where n is the strength of the new force relative to gravity
and A the Compton wavelength of the exchange particle.
The resulting force is

and the gravitational "constant" becomes distance de-

pendent.
At geophysical distances (10 m to 10 km) experiments

of different kinds have been carried out. In "Airy"-type
experiments the gravity gradient towards the center of
the Earth is measured by using gravimeters. High tower
experiments [4] have put limits on the variation of G with
distance, but provide no direct estimate of the gravita-
tional constant. In mines [5], in boreholes [6], and in
the ocean [7] the value of G could be determined with
the density of the traversed material. These experiments
mainly suer from the insufficient knowledge of local to-
pography and density anomalies in the Earth's crust. Ad-

ditionally, the measurements are disturbed by moving the
gravimeters between readings.

Most of these problems can be solved by using movable
sources of known mass and Gxed instruments. In "lake"
experiments the gravity as a function of a variable water
mass is measured by using gravimeters or balances. With
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FIG. 1. Scheme of the Gigerwald experiment.

gravirneters [8,9] problems result from calibration of in-

struments and from individual instrumental drift. With
a single balance, also these problems can be removed.
Moore et aL [10] employed an electrostatic beam balance
with a separation of test masses of 12 m in a tower of
the Splityard Creek reservoir in Australia. At an effec-

tive interaction distance of 22 m they obtained for G a
deviation from the laboratory value of (0.2+ 0.8)%. The
uncertainty was mainly due to vibration of the support-

ing tower.
The experiment reported here belongs to the lake ex-

periments using a balance. The experimental site is
at the Gigerwald lake, a pumped-storage reservoir for

peak-power production in eastern Switzerland (46'55' N,
9'24' E at 1335 m above sea level). At one side the
2.5-km-long lake is confined by a 147-m-high and 430-m-

wide concrete dam of parabolic shape allowing maximum

water-level changes of 90 m.
The basic idea of the Gigerwald experiment was to

measure the weight difference of two test masses located
above and below the variable water level with a single

balance (see Fig. 1).
Since the weight difference is measured in a short time,

balance drifts are negligible. Time-variable gravity ef-

fects originating from distances much larger than the sep-

aration of test masses completely vanish (e.g. , tides). By

1152 0031-9007/94/72(8)/1152(4) $06.00
1994 The American Physical Society



VOLUME 72, NUMBER 8 PHYSICAL REVIEW LETTERS 21 FEBRUARY 1994

comparing the weight differences at several water levels

even the static local gravity from the surroundings can-
cels. Finally, the recorded gravity signal is just due to
the interaction between the locally moved mass (water
and air) and the test masses.

The high-precision balance, a modified Mettler-Toledo
mass comparator, is mounted at the top of the central
plumb shaft of the dam. It is a single-pan fiexure-strip
balance and works on the substitution principle. The two
masses to be compared are attached one after the other
below the pan suspended on one side of the beam. The
weight of the attached 1-kg (upper or lower) mass is com-
pensated by a fixed counterweight placed on the other
side of the beam and, up to 2 g, by a servo-controlled cur-
rent through a coil immersed in the fiux of a permanent
magnet. The applied current is calibrated with standard
masses. The mass-to-force conversion is established by
the local gravity at the balance which was found to be
9.804 208 1(3) m s [11].

The two test masses are made of polished stainless steel
(316L). The upper mass of 1.11445 kg is hanging just
below the balance at 1324.359 m and the lower mass of
1.09987 kg is suspended by a 100-pm diam tungsten wire
of 15.72 g at the bottom of the shaft. Their center of mass
separation is 103.822(2) m. To avoid systematic weighing
errors they are suspended concentrically which required
the upper mass to be a hollow cylinder, whereas the lower
mass is of a cylindrical shape.

The suspension devices, crucial to the success of this
experiment, are of 4.24 g and of 3.04 g for the upper and
the lower mass, respectively. They consist of two chain-
link-like saddle surfaces made of polished stainless steel
coated with tungsten carbide. Because of its low friction
coefficient, the displacement of the bearing point out of
the centering position is ( 50 pm. This diminishes the
transmission of torques to the balance. Additionally the
hardness of tungsten carbide avoids surface deformation.
Between the suspension devices and the balance double-
crossed knife edges are placed to further reduce remaining
torques. To avoid air convection and variable buoyancy
the balance and the test masses are at 5 x 10 mbar.
With a three-stage temperature control system the tem-
perature of the balance is held constant with a precision
of 0.3 mK over several weeks.

The average weight of each mass is taken over a time
of 3 min. Afterwards the mass is detached from the bal-
ance lifting it by 1 mm, simultaneously the other mass is
lowered and suspended on the balance During . this ex-
change the load on the balance is held constant within 1
g. This avoids relaxation effects in the fIexure strips. The
weight difI'erence is then calculated by linear interpola-
tion between two successive measurements of the upper
mass at the time the lower mass was measured. Every 12
min the weight diflerence is determined. After 60 mass
exchanges a calibration of the scale sensitivity is carried
out by adding a small mass of 0.999993 g to the balance.
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FIG. 2. Raw data of the water level and the weight dif-
ference from March to June 1993 (the local gravity at the
balance is 9.804208 ms ). The peaks are caused by daily,
weekly, and seasonal water-level changes depending on power
consumption.

No significant change of sc~e sensitivity w~ obsemed.
Since the gravity effect of a infinite horizontal sheet

of thickness h and density p is proportional to ph and

approximately remains true in our case of a Gnite lake,

it is advantageous to determine the water level via the
water pressure instead of via fioats or similar methods.
We used a high-precision pressure transducer (Rittmeyer

Wlg) with a resolution of 1 mm and an absolute accu-

racy of 1 cm. The instrument automatically corrects for

the ambient air pressure.
Figure 2 shows the digitally recorded raw data of water

level and weight difference during a period of 120 days.
Water-level changes up to 43 m produced a maximum

weight signal of 1290 yg. The weight difference was mea-

sured with a short-time resolution of 0.5 pg. As long
as water-level changes are well between the test masses,
the weight difference varies almost linearly by 33 ygim.
Whenever water level approaches the height of the up-

per mass, the weight signal diminishes and becomes even

negative for higher levels.
The shore and dam contour was determined by air pho-

togrammetry and conventional surveying, respectively.
Data processing yielded 2-m-equidistant contour lines.
The dam shape is known to better than 1 cm. The
shoreline coordinates have a random uncertainty of 30
cm. Their systematic uncertainty is much less than 5
cm as a result of a well surveyed control network. The
coordinates of test masses are uncertain by less than 3
mm. Not the whole shore is bounded by rocks; there are
also layers of scree, where water is seeping in. Prom ge-
ological surveys based on numerous drill holes the solid
rock boundary is known. The porosity of the scree is es-
timated by geologists to be 0.30+0.03, which enabled us
to calculate the efFect of water seepage.

Water density was measured in the laboratory to be
slightly denser than pure water by 1.2(2) x 10 gem s.
Temperature profile measurements in the lake revealed
no significant change of temperature with depth except
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for a thin boundary layer below the surface. During the
measuring period water temperature varied from 3'C to
6'C. In this range water-density variations are negligible.
The density which enters the calculation of the gravity
effect is the density difFerence between water and air. The
mean density of air is determined to be 0.00108 gem s.

To calculate the Newtonian gravity signal the method
of Talwani and Ewing [12] was used. They give an exact
formula for the vertical gravity of a flat horizontal lam-
ina whose contour is represented by an arbitrary n-sided
polygon. The effect of the Earth's curvature is negligible.
The effective interaction distance r,g is

TABI K I. Error budget.

Source
Dam contour
Shore contour
Porosity of scree
Test mass positions
Water level
Water density
Random experimental error

Total RSS (10')

Uncertainty
(parts per 1000)

0.30
0.37
0.61
0.04
0.12
0.05
0.18

0.81

where the r, 's and the dF~"s are the distances, respec-
tively, the vertical gravitational forces between a water
element and the two test masses. The integration over
the Gigerwald lake gives r,p = (1122 2) m depending on
the water level.

The measured and calculated weight difference as a
function of water level is shown in Fig. 3. The weight dif-
ferences at same heights must be equal for all times. Any
discrepancies are interpreted as change of mass distribu-
tion in the environment, e.g. , change of soil moisture.
Variable atmospheric pressure has an efFect of ( 0.1 pg on
the weight signal. Observed lake oscillations ("seiches")
with amplitudes of 2 mm also have no effect. Dam move-
ments originating from temperature and water pressure
changes do not produce a significant uncertainty, since
both lake water and test masses are moved the same way.
EfFects of balance tilts due to dam movements cancel by
measuring the weight difFerence and by repeated scale
calibration. Ground vibrations were not observed.

In order to minimize the effect of soil moisture in the
weight signal, the following model equation for the mea-
sured weight difFerence is taken:

The parameter a represents the ratio G/G~ b over the
whole measuring period, where G~~b denotes the cur-
rently accepted laboratory value of the gravitational con-
stant [13]. b; and c; are the coefficients of linear drifts
in time periods of about 5 days. The drifts are & 0.5 pg
per day and vary in sign. The value for a determined
from data is 0.99961(18), which is the weighted mean of
the 1992 measurement [1.000 17(76)] and 1993 measure-
ment [0.99958(19)]. For a consistency check the 1993
data were subdivided into two data sets of measurements
with water level above and below 1305 m. The results are
0.99929(26) and 0.99981(33), respectively, in reasonable
agreement with each other. The final uncertainty in this
determination of G is obtained by taking the root-sum-
square (RSS) of the uncertainties listed in Table I. The
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FIG. 3. The solid curve is the calculated weight cMerence
of the two test masses as a function of the water level fol-
lowing pure Newtonian gravity (the origin is set at 1240 m
for an empty lake). The measured gravity data (open cir-
cles), corrected only with a linear drift, fit well the predicted
gravity eHect. Each circle represents the average of 100 mea-
surements. The inset shows a typical region where all gravity
data are presented.
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FIG. 4. Resuhs of 6 experiments at geophysical distances

as a function of the elective interaction distance. The quoted
precision of each experiment is given as ln-error bats. The
solid line represents the laboratory value G~b. Numbers in
brackets refer to the citations in the tact. The ramps &om
Ref. [8] and from Ref. [9], respectively, are not independent
of each other.
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FIG. 5. Excluded strengths o, and ranges A for a single
Yukawa model at the 20 level arising from experiments mea-
suring directly the gravitational constant at geophysical dis-
tances. Constraints from other experiments are not shove.
Numbers in brackets refer to the references in the text.

largest component of the error budget is the uncertainty
of water seepage in the scree. It turns out to be the lim-
iting element of this experiment. The resulting value of
the gravitational constant is

G = (6.6700+0.0054) x 10 m kg s

which is in agreement with laboratory values. In Fig. 4
the result of this experiment is presented with other G
experiments at geophysical distances.

Together with the laboratory value Gl~b the Gigerwald
experiment sets useful limits on the strength o;(A) of a
fifth force for values of A from more than hundred me-
ters down to few centimeters. Figure 5 illustrates the
constraints placed by G experiments at geophysical dis-
tances on such an interaction with 95 jp confidence. A
more detailed report on this experiment is in prepara-
tion.
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