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Motivated by extra dimensions theories that predict new effects, we are
testing the gravitational inverse square law at distance down to 100pm
using a torsion balance and gold plate attractor. We tent to improve pre-
vious short-range forces constraints by up to a factor of 10 and search for
deviations from Newtonian physics, predicted by ADD theory.

String theory is the most promising approach to the long-sought uni-
fied description of the four forces of nature and the elementary particles
(1] but direct evidence supporting it is lacking. One generic prediction of
the theory is the existence of extra dimensions in addition to our familiar
3-dimensional space. These extra dimensions had been thought to be ex-
tremely tiny (of order the Planck length ~10733cm), until in recent years
the idea of large extra dimensions was proposed to address the “hierarchy
problem”-a problem associated with the factor of the 10'7 huge difference
between the Planck scale and the weak interaction [2=3]. A special example
is the ADD theory [2], which assumes that the fundamental energy scale of
gravity is the same as that of the Standard Model, about 1 TeV. The ap-
parent weakness of gravity is then interpreted as a consequence of the fact
that gravitons are free to propagate in all spatial dimensions, while the par-
ticles and fields of the Standard Model are confined to a 3+1-dimensional
‘brane’. Thus, if one assumes there are n large extra dimensions of equal
size R* and the fundamental Planck mass is M*=1 TeV, one can conclude
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with the usual Planck mass Mp=1.2x10® TeV. According to above equa-
tion, the scenario with n=1 is ruled out by solar-system observations. If
there are 2 extra dimensions, must be about 0.2 mm, which is interest



for the laboratory experiments. The gravitational inverse square law will
smoothly change from a 1/r% form for r > R* to a 1/r?*" form for r « R*.

For the experimentally relevant case where r ~ R* | the gravitational po-
tential is usually parametrized as a Yukawa modification to the Newtonian
potential :

V=- (14 ae™?), (2)

G4m
T

with strength o and range A. G4 is the four-dimensional Newtonian constant
and m is the mass. The experiments can bound on the possible values of a
and A, which are represented in an a-\ diagram. Although the gravitational
interaction has been tested with high precision for separations greater than
1 cm, very little is known about gravity at range below 1 mm (or A <1
mm). Some other considerations, such as the dilaton and moduli exchange
in string theories [6~9] also suggested the Yukawa potential and predicted
that a will be large as 10° for Yukawa ranges A ~0.1 mm. While the simplest
scenario with 2 large extra dimensions in ADD theory predicts a=3 or 4
for compactification on a 2-sphere or 2-torus, respectively 10111,

Up to now, ISL holds to high precision on the scale of the solar system
by the astronomical observations. The experimental limit at range of 1 cm
to several km was determined by searching for a “fifth force’ in the past two
decades [12]. Due to the interests in searching for the “fifth force”, in partic-
ular the possible compact extra dimensions, the sensitivity of experiments
searching for deviations from Newtonian gravity at short distances has been
improved by many orders of magnitude in the past decades. Adelberger and
his colleagues at the University of Washington tested the transverse force
between two disks with ten equally space holes using a torsion pendulum,
and the sensitive range is 100um to 300um [13). In 2003, Long et al at
the University of Colorado tested the force between two flat plates using
a torsion oscillator working at 1000 Hz, corresponding a sensitive range of
100pm and below!!4l. Chiaverini et al at Stanford University used a Micro-
cantilever modulated at its resonated frequency of 300Hz to test the force
between the two flat plates, and the sensitive range is 20um and below [15].
Figure 4 shows the current experimental constraints!!3=17] of the inverse
square law of gravitation together with the theoretical predictions in (a,\)
parameter space.

In this letter, we reported a scheme to test the gravitational 1/r? law
using planar plates separated by a gap of 100um.

A schematic of the apparatus used in our measurement is shown in
Figure 1. A 66 cm-long, 25-pm-diameter tungsten fiber, hanging from an x-
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Fig. 1. Schematic of the apparatus. The vacuum vessel dimensions are 60 cm diam by
250 cm tall. The PZT was used to drive the source mass gently closer to test mass;. The
six-freedom platform was not shown here.

y-z-8 stage, supported a torsion pendulum with gold coat. The test mass and
source mass comprise a 20x20x 0.2 mm? gold plate, and a 18x17x0.2 mm?
gold plate. As shown in Fig. 1, the source mass and an electrostatic shields(a
glass plate of 50um in thickness, coated with gold) were mounted on one
arm of the torsion pendulum, while the source mass and the electrostatic
shields were placed on a micro positioning assembly which was formed by
a six-freedom platform and a piezoelectric stack translators (PZT). The
six-freedom platform, with the resolution of 1urad for the circle goniometer
and 0.05um for the linear displacement, is used to adjust the parallelism
and position of the source mass and the electrostatic shields relative to the
test mass, the PZT was just used to drive source mass while a Michelson
interferometer with the linear displacement sensitivity of 0.3 pm, detected
the gap variance between the source mass and test mass. A vacuum of
order 10~ 7torr was maintained (to eliminate viscous effects and effectively
decrease the impact of air current) by an ion pump;

A feedback system was used to keep the torsion pendulum angle fixed;
as shown in Fig. 1, two “compensator plates” form a capacitor with respect
to the pendulum body. An autocollimator (angular detective sensitivity
of 0.05 prad) was used to determine whether the torsion pendulum is in
parallel position relative to the source mass; any unparallel was detected
by the autocollimator which provides an error signal to an integral-plus-
proportional feedback circuit. A dc correction voltage was applied to the
compensators, as required to keep the torsion pendulum angle fixed. In ad-



dition, a constant dc voltage of Vo = 5.0 V was applied to the compensators
in order to linearize the effect of the small correction voltage §V [the force
on the pendulum due to one compensator is:

F = (V?/2)dC/dX ~ (V& £+ 2V;)dC/dX, (3)
and the net force from both is:
F =2VyéVdC/dX, (4)

where dC/dX is the magnitude of the change in compensator-pendulum
capacitance as the gap size x is varied. Since the feedback only affects
the torsional mode, a strong magnet was used to overdamp all vibrational
modes of the pendulum system. The angular fluctuations were consistent
with the expected thermal noisel'®;

Abmms = (KT/a)™*? ~ 0.7prad (5)

Where a =8.6x10~°Nm/rad is the torsion constant for the tungsten fiber |
so our torsion pendulum can be sensitive to the moment of 6x10~*Nm. A
micro-rotation stage allowed turning the fiber to set §V=0. Before experi-
ment, the fiber was annealed, with the pendulum hanging in the vacuum,
by keeping it about 70°c over 24 hours; the drift was less than 1urad/h.

The gravitation force was measured by simply stepping the voltage ap-
plied to the PZT up and down, and at each step, measuring the restoring
force, implied by a change in §V, required to keep the pendulum angle
fixed. The maximum displacement is 200 pm; the relative displacement
was measured to 0.3 pm accuracy by use of a laser interferometer.

The system calibration was obtained through gravitation measurements
based on the variation of a known gravitational force. A copper cylinder
was placed in a fixed place around pendulum; the invariable gravitational
force was determined by measuring the torsion pendulum deflexion angle.
The calibration was determined by the change in 4V from the feedback
circuit to balance the restoring force, and is 1.2x107!! Nm/V, with 1%
accuracy.

With the gold plates separated but externally shorted together, there
was an apparent shockingly large potential of 240mV; there are several
decade separate electrical connections in this loop and a potential this large
1s consistent with what is expected for the various metallic contacts. This
potential was easily canceled by setting an applied voltage between the
plates to give a minimum 6V; this applied voltage was taken as “zero” in
regard to the calibration.
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Fig. 2. 95% confidence upper limits on 1/r?-law violating interactions of the form given
by E.q. 2. The region excluded by previous work [13-17]. Constraints from previous
experiments and the theoretical predictions are adapted from Ref. [2], except for 2 large
extra dimensions prediction which is from Ref. [10, 11].

The PZT give very accurate and reproducible relative changes in the
plate separation; the absolute separation between test mass and membrane
was determined by measuring the angle between the pendulum and mem-
brane as a function of separation; the absolute separation between mem-
brane and source mass was determined by a contact measurement.

The uncertainty in absolute distance between source mass and test mass
was normally less than 5um. Each up/down sweep cycle was measured
repetitiously. The balance voltage was the measured gravitational torque
change signal in the experiment. The quantity measured in the experiment
was:

(6)

Where 7p is the total torque produced by all source masses after PZT
driving and T4own is the total torque produced by them before PZT driving.
The Newtonian value of A(A¢ny) was calculated by numerical integrations.
Numerical integration over all source masses at between 0.1 mm to 0.2 mm
separate.

Aexp was found by directly measuring the torque difference myp — Tgown-
The discrepancy between the two results is A = Aexp — Atny, If the discrep-
ancy is produced by a Yukawa potential, the resulting contraints on new
physics of the form given in Eq. 2 are shown in Fig. 2; scenarios with o >1
are excluded at 95% confidence for A=100um.

A= Tup — Tdown
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