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A Suspended Laser Interferometer for Determining
the Newtonian Constant of Gravitation

Harold V. Parks, James E. Faller, and Douglas S. Robertson
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second Fabry-Perot cavity

Abstract—Progress is reported on an experiment to measure
the Newtonian constant of gravitationG with a suspended Fabry-
Perot laser interferometer. With this technique, we measure the de-
flection of simple pendulums due to the gravitational attraction of <
tungsten masses. A result foiG is expected with a relative uncer-
tainty of 3 x 1075, Source masses

Index Terms—Fabry—Perot interferometer, gravity measure-  (outer position) —>
ment, Newtonian constant.

I. INTRODUCTION

HE Newtonian constant of gravitati@kis one of theleast /1 /| L= |

well known of the fundamental constants. The accepte Y
value has, for many years, been assigned a relative uncertai Pendulurn Bobs Source masses
of 1.28 x 10~* [1]. However, several recent precision measure with first Fabry-Perot cavity (inner position)

ments disagree with this value by oo (one is high [2] and i
. . .. Fig. 1. Schematic of the apparatus. Two pendulums hang from a common

the other '§ |OW [3])' and_OtherS d'sagr_eem’y[“’]' [5] (aga'n n support. Tungsten source masses in the form of four vertical cylinders pull the
opposite directions). In light of these disagreements, the relatpadulum bobs apartin the outward position (solid lines) and together when they
uncertainty in the CODATA value has recently been increasedaig moved to the inward position (dashed lines). A vacuum chamber, which is

. _3 . . s not shown here, encloses the pendulums and supporting bar but not the source
1.5 x 107" This situation hlghllghts the need for new MEeaSUrtyasses. Lasers measure the change in the separation of the two pendulum bobs
ments using a variety of different methods. While most meas well as any thermal expansion in the supporting bar.
surements of7 use torsion pendulums or balances, we sense
the deflection of simple pendulums. This results in aconceptg{ the two pendulum bobs, the effects of noise from seismic

ally very simple system. Rather than relying on the torsion Qibration and distant gravitational sources are greatly reduced

a wire, which is not well understood to the accuracy requiregécause the effects will be common to both bobs. Large tung-

we measure directly the ratio of the attraction of a laborator .
) . en source masses are first placed between the two test masses
source mass and the attraction of the earth. This approach has

been used once before by a group at Wuppertal, Germany, usim e pendulum bobs), and the resulting gravitational attraction

microwaves to measure the pendulum deflections [2]. The useDcL)@s the two test masses together. The source masses are then

L . . . o .Feparated and moved beyond the ends of the pendulum system,
optical interferometry in our experiment gives greater sensitivi

and permits a much more compact and manageable a aractyausing the test masses to be pulled outward.
P P 9 pp LL?he plate supporting the source masses rests on three feet.

This allows the source mass design to be optimized, which is.a
. o o . . d%mce the center of mass of the source mass system never moves,
point that is critical to achieving the full potential of this metho

; X 4 : there is no induced tilt in the floor, which could cause an ex-
In the following sections, we give an overview of our apparatus . . T .
) erimental error. The change in test mass separation is moni-
and then discuss the source mass geometry followed by the Igsér | ~. . .
i ored with a Fabry—Perot laser interferometer. A second laser in-
measurement technique and system performance. :
terferometer spanning the pendulum supports compensates for
any thermally induced change in the separation between the
pendulum support points; the actual measurement is made by

A. Overview beating the two lasers together. This method automatically sub-
In this experiment, two simple pendulums are hung insidel&®Ccts any thermal component from the motion of the pendulum

vacuum chamber from a common support, as is shown schen®gbs. ]
ically in Fig. 1. Since we are only interested in the separation The pendulums have a length of 70 cm and a separation of 30
cm. Since each pendulum bob contains an interferometer mirror,

. . _ which must remain aligned, each bob is supported by four wires:
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cavity axis. Each of the source mass cylinders is made up oflistance between the source masses and the test masses can re-
stack of three smaller cylinders. The distance between the certece this error.

of the pendulum bobs and the centers of each of the two nearest

source mass cylinders is 23 cm when the source masses arg in_aser Interferometer

the inner position and 34 cm when the source masses are ir_]_h . f th . . ith
the outer position. The gravitational effect of moving the source e separation of the two test masses is monitored wit

masses from the inward to the outward position will changetﬁleIaser |Pterfer(l):mster.PM|rr:)rs thbeo(ljdede,\?a(l:h of _thle tES;
pendulum bob separation by about 120 nm. masses form a Fabry—Perot cavity, and a He-Ne laser is locke

to this cavity. This laser system was constructed at the Joint

Institute for Laboratory Astrophysics (JILA) and is quite eco-
B. Source Mass Geometry nomical. The He-Ne laser tube is short enough so that only one
longitudinal mode (of a particular polarization) is produced.

. Smce th? accuracy of our method is likely to be gltlmatel¥he frequency of this mode is controlled with two stages. First,
limited by imperfections in the geometry and density of thg heater is used to servo the length of the laser tube. However

source masses, care is taken in the experimental design. If is . o Lo
: this method is too slow to track any swinging or vibration
well known that a ring-shaped source mass can reduce sensi- . .
. o ) the pendulum; therefore, a double-passed acousto-optic
tivity to source mass-test mass positioning errors. Consider the . .
o ) ; . . -~ modulator is used when a fast response is needed. Although
gravitational field along the axis of the ring. There is a point o

. . . o he acousto-optic modulator gives a much faster response
either side of the ring where the gravitational pull toward tht?'nan the thermal method, it has a much smaller tuning range:

ring is maximized. Furthgr, !t turn§ out.thatgradler.lt of 6.1” thre 00 MHz for the acousto-optic modulator compared with 1
components of the gravitational field is zero at this point. Th

effect of this is dramatic. In order to determi6Geto a few parts GHz for thermal tuning. The laser beam is then sent through

) - i . . an electro-optic modulator to provide the phase modulation
in 10° by placing a single spherical source mass 20 cm from a
g necessary for a Pound-Drever lock. When the source masses
test mass, the distance between the two masses would have to . o R
.. move from the inner to the outer position (which is indicated
be measured to an accuracy on the ordeiOgfm. However, if

: e in_Fig. 1), the separation of the test masses will change by
a ring were used, a source mass-test mass positioning error o . L .
approximately 120 nm, resulting in a change of 90 MHz in
almost 1 mm could be tolerated.

. : . . the frequency of the laser. A support point interferometer
The system is, however, still sensitive to the radius of t d y pport p

ina. | the ol fthe ri Id have to b i Ieasures the separation between the pendulum support points.
fing. In our case, the plane of e ring wou'd have 10 be VETICHy, o |aser is locked to this cavity, and the displacement

causing the ring to sag out of its perfectly circular shape, comp leasurements are made by beating these two lasers together.
cating the situation still further. This problem can be avoided this way, much of the error due to thermal drift in the length
a modification to the source mass design. We replace the ring Qy, '

two cylinders located symmetrically on either side of the laser the supporting bar is cancelled out,
beam, as shown in the left (or right half) of Fig. 1. With thi
geometry, the gradient of the components gravitational field
rected along the laser beam) axis is still zero, and now, the  Although the apparatus is not complete, we have locked the
system is sensitive only to the separation of the centers of mésser to the pendulum cavity and observed a gravitationally in-
of the two source mass cylinders. The apparatus is quite insdneed change in test mass separation. The laser system itself is
sitive to tilts and displacements of these cylinders, as long eapable of measuring the expected 120 nm cavity length change
the center of mass separation is maintained. The gradientdaméin accuracy of better than 1 partlig with only a few min-
the components of the gravitational field perpendicular to thees of averaging. However, the largest contribution to the signal
z-axis are no longer zero, but the instrument is not very sensitineise is not the laser system but the pendulums swinging at
to these components, so little is lost. Source mass-test masstpe-fundamental resonance driven by seismic motion. By po-
sitioning errors of nearly 1 mm can still be tolerated. Note thattioning magnets underneath the pendulum bobs, this noise
in the actual experiment, four cylinders are used so that eardn be reduced by eddy current damping. In a jury-rigged test
of the pendulum bob test masses can be pulled in opposite ghtup, we were able to reduce the amplitude of the differen-
rections. These four cylinders are placed so that gradient of tied mode pendulum motion to several nanometers. We are now
gravitational field along the-axis is zero at the location of eachcompleting both a much more rigid support for the pendulums
pendulum bob. and a mechanism to allow the pendulum lengths to be accurately
The above argument assumes that the source masses hawatahed. In addition, the apparatus is currently located at JILA
constant density. In any real experiment, the source masses wiilla busy university campus. Moving it to a less-populated area
have some density variation, which may cause errors in the fimsarby will reduce the seismic noise by an order of magnitude.
determination of7. Once the experimentis performed, it can be The influence of the damping magnets on pendulums has
repeated with each of the source mass cylinders rotated aronotl yet been thoroughly studied. We move the magnets by an
its symmetry axis to test for density variations in the sour@mount equal to the predicted pendulum displacement so that
masses. In addition, each cylinder is made up of a stack of ththe relative position of the magnet and the pendulum bob does
shorter cylinders, which can be shuffled. This leaves the pa®t change, eliminating any errors due to paramagnetic forces or
sibility of an undetectable common radial density variation ioontamination of the bob by ferromagnetic material. The eddy
the source masses. We have found, however, that optimizing thierent damping will have to be removed to measure the period

j?_. Performance
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of the pendulums and thus calibrate the pendulum displacemardifferent configuration, allowing errors due to small density
with a force. This can be done by moving the magnets awagriations inside the source mass to be detected. We hope to be
from the bobs or by moving the magnets back and forth at thable to determiné& with a relative uncertainty of x 10~> with
pendulum frequency. this apparatus.
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