PRL 108, 081101 (2012)

PHYSICAL REVIEW LETTERS

week ending
24 FEBRUARY 2012

Test of the Gravitational Inverse Square Law at Millimeter Ranges
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We report a new test of the gravitational inverse square law at millimeter ranges by using a dual-
modulation torsion pendulum. An I-shaped symmetric pendulum and I-shaped symmetric attractors were
adopted to realize a null experimental design. The non-Newtonian force between two macroscopic
tungsten plates is measured at separations ranging down to 0.4 mm, and the validity of the null
experimental design was checked by non-null Newtonian gravity measurements. We find no deviations
from the Newtonian inverse square law with 95% confidence level, and this work establishes the most
stringent constraints on non-Newtonian interaction in the ranges from 0.7 to 5.0 mm, and a factor of 8
improvement is achieved at the length scale of several millimeters.
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General relativity and the standard model, describing the
fundamental physical laws of nature currently, have both
passed all experimental tests to date successfully. However,
the two theories are essentially incompatible. Physicists
have been devoting an intense effort to find a framework
that unifies gravity with the rest of physics. Based on
ideas from string or M theory, a number of theoretical
speculations are proposed and predict that the gravitational
interaction could display fundamentally new behavior in a
short-range regime [1-8], i.e., a deviation of the Newtonian
1/r? law in the mm length scale (Ref. [7] provides a
comprehensive review). Therefore, any experimental ef-
forts devoted to validating the expectation will help to
understand the fundamental nature of gravity.

A large amount of experimental results [9—17] and on-
going searches [18] for a possible violation of the
Newtonian 1/7? law over short scales had been performed.
The Yukawa-type potential due to new interactions is
typically used to modify the gravitational inverse
square law:

myn,

V(r)= -G (1 + ae™"4), (1)

r
where a and A are the strength and length scale of a new
interaction. Up to now, the best bounds on « in the ranges
from 0.7 um to several meters were reported by
Lamoreaux’s group [11], Kapitulnik’s group [12],
Adelberger’s group [14], Newman’s group [16], and
Paik’s group [17]. However, the current bounds for
0.7 mm = A = 5.0 mm are not as strong as in other re-
gions, which motivates us to perform the further test of the
Newtonian 1/r? law at separations ranging down to 0.4 mm
reported in this Letter.

Generally, a high precision test of the 1/r* law at
millimeter ranges requires the thickness of the test and
source masses and the change of the gap between them
to be on the order of millimeters, and the area of the masses
to be as large as possible to increase the non-Newtonian
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signal. This means the compensation of the larger
Newtonian force should be more precise compared with
that in submillimeter or more smaller ranges. Our tests
were made with an upgraded version of the I-shaped
pendulum used in our previous work [15]. The pendulum
used in this work, shown in Fig. 1, consisted of three
rectangular glass blocks with dimensions of 67.67 X
16.02 X 7.90 mm? for the middle one and 16.02 X
16.02 X 26.85 mm? for the two end ones. Two pure tung-
sten plates with the same dimensions of 15.994 X
15.986 X 1.787 mm?, used as the test mass (W,) and the
counterbalance one (W,), were adhered to the two end
glass blocks symmetrically. The pendulum with a total
mass of 75.410 g was suspended by a 600-mm-long,
25- pm-diameter tungsten fiber.

The source mass platform, facing to the pendulum, was
designed to have the same I-shaped structure, which con-
sisted of three rectangular glass blocks with approximately
the same sizes as the pendulum’s. A larger tungsten source
mass (W3) with dimension 20.804 X 20.778 X 1.787 mm?
was adhered to the end block opposite to the test mass. The
non-Newtonian force to be measured is between W; and
W; for separations ranging from 0.4 to 1.0 mm, where the
net torque change of the Newtonian force was counteracted
by a thicker tungsten counterweight mass (W,) with di-
mensions of 15.985 X 15.900 X 7.645 mm?, adhered on
the other end block and located behind W5 about 4 mm
in the Z direction (as shown in Fig. 1). Because the
separations between the compensation blocks is larger
than that between the test mass and the source mass, the
expected non-Newtonian effect (between W; and W;)
should not be suppressed. Therefore, the test is a null
experiment with respect to the net Newtonian torque on
the balance.

In order to realize a null experiment, the tungsten plates
and all the glass blocks were carefully ground, polished,
and precisely assembled as described in Ref. [15]. Two
main improvements were made to achieve a more precise
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FIG. 1 (color online). Schematic drawing of the experimental
setup (not to scale). The membrane frames, the source mass, and
its driving stage were mounted on a 6-degree-of-freedom stage
(not shown here), which was used to adjust the relative positions
and orientation. The protrudent left surface of the alignment
glass was used to touch the fiber by moving the source mass in X
direction to acquire the relative positions between the pendulum
and the source mass. The pendulum twist was measured by the
autocollimator I, and controlled by applying differential voltages
to the two capacitive actuators. The separation between the
tungsten test and source masses was modulated by driving a
motor translation stage with frequency f,, and the sensitivity of
the pendulum was calibrated by rotating the copper cylinder at
frequency f.. The autocollimator II was used to monitor the
changes of the source mass’s attitude synchronously due to the
yaw and pitch motions of the driving stage around its shaft.

cancellation of the changes of the Newtonian force. (1) The
clamp was assembled by three elaborately ground and
polished glass blocks, which helped to locate the sus-
pended fiber to the center of the pendulum’s body with
an uncertainty of 1.5 um in the X direction. (2) An
L-shaped glass (the alignment glass in Fig. 1) was used
to touch the fiber in the X direction to acquire the relative
positions, and then the source mass can be adjusted face to
face with the test mass with an uncertainty of 1.9 wm in the
X direction. By taking the errors of all actual measure-
ments into account, the net change of the Newtonian torque
in the experimental range (0.4—1.0 mm) was calculated to
be A7 = (0.65* 1.59) X 107! Nm (peak-peak), and a
perfect cancellation was designed at the gap of 0.7 mm
between the test and the source mass. Therefore, the total
uncertainty of the amplitude was determined to be
0.9(= 3+/0.65* + 1.59%) X 107! Nm. The main error
budget of the A7 is shown in Table I.

Spurious torques from the electrical force between W,
and W5 was minimized by inserting a tightly stretched,
45-pm-thick square beryllium-copper membrane, and the

TABLE I. The main error budget (with 10).
Measurement S(A7T)

Main error sources uncertainty (107! Nm)
Tungsten plate W,

Thickness 0.12 um 0.24

Mass 0.6 mg 0.28

Mass of adhesive on W, 1.0 mg 0.41
Tungsten plate W,

Thickness 0.12 pum 0.27

Mass 0.6 mg 0.27

Mass of adhesive on W, 1.0 mg 0.40
Tungsten plate W3

Thickness 0.13 um 0.30

Position in Z direction 0.42 um 0.26

Mass of adhesive on W; 1.0 mg 0.40
Tungsten plate W,

Position in Z direction 0.38 um 0.32

Density inhomogeneity 042
Position of fiber in X direction 1.47 pm 0.44
Alignments® 0.76
Stability of PI driving stage 0.28
Others” 0.69
Total 1.59

Relative positions and parallels between the pendulum and
source mass platform.

PTotal uncertainties of dimensions and positions of the glass
blocks and other tiny error sources.

smallest gap between W, and the membrane was set to
(263 = 1) wm. For the same reason, a 200-um-thick glass
membrane was inserted between W, and W,, and a larger
gap between the W, and the membrane was kept to about
2.7 mm. The pendulum, the glass blocks, and the mem-
branes were all gold-coated to lower the effect of the
electrostatic interactions. Furthermore, to further minimize
the difference of the electrostatic surface potential, the
residual differential potential between the pendulum and
the two membranes were found, respectively, and then
compensated individually in each experimental cycle by
using the same method as described in Ref. [15].

The entire system was installed inside a vacuum
chamber maintained at a pressure of approximately
1073 Pa by an ion pump. The torsional motion of the
pendulum was monitored by the autocollimator I.
The pendulum-to-membrane separation was first set at
approximately 3 mm, and the free oscillation of the pen-
dulum was recorded. The fiber’s torsional spring constant
is kp = (8.99 = 0.06) X 10™° Nm/rad, determined from
the intrinsic period (7) = 680.0 = 2.0 s) and the inertia
momentum [/, = (10.54 = 0.01) X 1075 kgm?] of the
pendulum. A copper cylinder for gravitational calibration,
mounted on a turntable fixed outside of the vacuum cham-
ber, was rotated continuously at a period 7., = 400 s. The
response of the pendulum was accordingly determined as
Teo = (5.6 = 0.4) X 107'® N'm (shown in the top panel in
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FIG. 2 (color online). The typical PSD of the torque experi-
enced by the open-loop (top panel) and closed-loop (middle and
bottom panel) pendulum. The gravitational calibrating signal
occurred at f, = 2.5 mHz in each graph with an amplitude of
(5.6 = 0.4) X 107! Nm. Top panel: The typical PSD curve of
the free pendulum with the pendulum-membrane gap being
3 mm. The f, (= 1.47 mHz) is the natural frequency of the
pendulum. The dash line shows the thermal noise limit inferred
from the finite quality factor, Q = 2000. Middle panel: The
typical PSD curve of the null experiment with the gap ranging
from 0.4 to 1.0 mm, and the expected non-Newtonian signal at
fs did not appear with the sensitivity of approximately
0.5 X 1076 N'm. Bottom panel: The typical PSD curve of the
non-null experiment with the gap ranging from 1.1 to 1.7 mm,
and the measured change of the Newtonian torque at f, =
2.0 mHz is (5.7 = 1.0) X 107! Nm, in accord with the theo-
retical calculation of (5.5 = 0.8) X 107'© Nm.

Fig. 2), which was constant and hence used to diagnose the
sensitivity of the closed-loop pendulum in subsequent
measurements.

The motion of the pendulum was controlled by using a
proportional-integral-differential feedback system [15]. In
this case, the tungsten fiber was always untwisted during
the measurement and the feedback voltage AV reflected
the changes of all effective torques experienced by the
pendulum. The quasistatic pendulum in the closed-loop
operation allowed us to achieve a small separation
(263 =1 um) between the test mass and the beryllium-
copper membrane due to the stable electrostatic force
between them.

The motor translation stage was then operated continu-
ously with the displacement of a sinusoidal function of
time at a frequency f, to move the source mass backwards
and forwards in a range of 0.6 mm. Meanwhile, the copper
cylinder outside for the gravitational calibration was also
rotating synchronously with a frequency f.. We reduced
the 1/f torque noise by increasing the frequencies of the
dual modulations to f, = 2.0 mHz and f,. = 2.5 mHz,

larger than that used in our previous test [15] with f, =
0.463 mHz and f,. = 0.556 mHz, respectively.

The recorded data, including the outputs of the two
autocollimators, the feedback voltage AV, four tempera-
ture sensors, and one barometer, were collected continu-
ously at a sampling rate of 1 Hz with a duration time of
approximately 1 day. To extract the expected signal, four
main steps were performed as follows: (1) Each data run
was broken into separate ‘“‘cuts’ containing exactly the
lowest common multiple of the dual-modulation periods of
2000 s. For each “cut,” the feedback voltage AV at fre-
quency f (f = f,, f.) was fitted with

AV(t) = a.cosQmf.t) + b, sinQwf.t) + a;cosQRmft)

2
+bysinQ@af ) + . ¢, P, 2)

n=1

where the c¢,, coefficients of the Legendre polynomials
P,, accounted for a continuous creeping of the tungsten
fiber. The amplitude of the calibration signal at f. was

AV, =4/a’? + b2, and hence the calibrated coefficient
of B=17,/AV, could be determined, where 7., =
(5.6 2 0.4) X 1071 Nm with an initial phase of zero,
and the phase lag was not observed in the pendulum under
an accuracy of 0.08 rad. So, the amplitude of the expected

torque signal at f; was AT, = yB+/a> + b3, where y [with
an amplitude of 1.05(2) and a phase angle of 0.03(2) rad,
respectively] accounted for the ratio of the transfer
function of the closed-loop performance at f. and f;.
(2) Care was taken to minimize the electromagnet cou-
plings of the motor translation stage, which changed the
stable electrostatic field between the pendulum and the
shielding membrane periodically due to the variation
magnetic field deduced from the running of the motor,
and thus contributed a spurious signal at f. To distinguish
the spurious effect, we performed an additional back-
ground measurement with the source mass platform re-
moved from the motor stage. By only running the stage
backwards and forwards with a frequency of f; for the
same range, an obvious net torque signal was found. After
being shielded by two layers of cobalt-based amorphous
magnetic shielding films around the motor, the net torque
was minimized to be a,, = (—1.0 = 0.3) X 1071 Nm
and b, =(1.0=0.2) X107 '*Nm, which, as a bias,
could be subtracted in the signals measured with the
source mass being on the stage as the same phase.
(3) During the running of the translation stage, the typical
attitude change of the source mass platform around the Y
axis at f; was (0.49 = 0.05) u rad in the cosine component
and (3.05 +0.03) urad in the sine one, determined
from the data monitored synchronously by the autocolli-
mator II. And, the resultant torque signal was a,y = (0.43 =
0.04) X 107'* Nm and b,y = (2.68 + 0.03) X 10716 Nm, re-
spectively, which could be corrected. (4) Nongravitational
backgrounds from the temperature variation, the magnetic,
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FIG. 3 (color online). Comparison of the change of the
Newtonian torque (A7) between the theoretical calculations
(dash) and the experimental results (dot) in each 0.6 mm-range
experiment. The gap between the two dashes shows an uncer-
tainty of less than 2 X 1076 Nm, yielded by the dimension
errors of the apparatus. The 7(~1 X 1072 N'm), accounting for
the net Newtonian torque between the pendulum and the source
mass platform, is a constant on the lever of 3% in the total
experimental region (0.4—4.3 mm), and a perfect cancellation of
it was designed at the gap of 0.7 mm. The inset is a magnified
view of the result obtained in 3.1-3.7 mm.

and the air pressure, were studied and found to be negli-
gible using techniques described in Ref. [15].

For 11 data sets (approximately 430 cuts) with the gap
ranging from 0.4 to 1.0 mm, the mean amplitude of the
expected torque at f = f, was yielded as

A7, = (0.4 % 0.9, + 0.9,,) X 107 Nm,  (3)

where the first uncertainty is statistic, and the second is
systematic uncertainty induced from the Newtonian gravi-
tation compensation. It means that no violation of the
Newtonian 1/7* law is observed at the present experimen-
tal ranges in the level of the pendulum’s sensitivity. A
typical power spectral density (PSD) curve is shown in
Fig. 2 (in the middle panel). In order to check the validity
of the null experiment design, the non-null experiment was
performed by extending the separation between the test
mass and the source mass, where the obvious net
Newtonian torque allows precision measurements with
the same procedure. By varying the gap at 0.8—-1.4 mm,
1.1-1.7 mm, ..., and 3.7-4.3 mm, respectively, (as shown
in Fig. 3), some non-null test were done, and a typical PSD
curve of the torque experienced by the closed-loop pendu-
lum with the gap ranging from 1.1 to 1.7 mm is shown in
the bottom panel in Fig. 2. The total experiment results
show a perfect consistence with the theoretical calculations
of the change of the Newtonian torque (shown in Fig. 3),
which provide an additional check to the total experimental
system, and hence further enhance the null experiment’s
confidence.

The total uncertainty of the torque noise is computed to
be A7, = 1.3 X 107'® N'm, and we used 2A7, to set con-
straints on the additional Yukawa interaction according to
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FIG. 4 (color online). Upper limits on Yukawa violations of
the Newtonian 1/r* law. The shaded region is excluded with
95% confidence level. The heavy lines labeled Stanford 2008
[12], Colorado 2003 [13], Eot-wash 2004 and 2007 [14], HUST
2007 [15], This work, and Irvine [16] show the experimental
constraints, respectively. Lighter lines showed various theoreti-
cal predictions summarized in [7].

Eq. (1). We establish the new best constraints on non-
Newtonian interaction in the ranges from 0.7 to 5.0 mm
under 95% confidence level, shown in Fig. 4. At the length
scale of several millimeters, we improve the previous
bounds by up to a factor of 8, and find no deviations
from the Newtonian 1/7? law. The present sensitivity was
basically limited by the compensation of the Newtonian
force. Aiming to explore some new phenomena of gravi-
tation at an even shorter range, we are preparing an im-
proved experiment in the submillimeter length scale with
higher precisions, and looking forward to getting some new
results in the near future.
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