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Short-Range Test of the Equivalence Principle
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We rotated a 3 toR*®U attractor around a compact torsion balance and compared the accelerations
of Cu and Pb toward U. We found thag, — ap, = (—0.7 = 5.7) X 10~13 cm/s?, compared to the
9.8 X 107> cm/< gravitational acceleration toward the attractor. Our results set new constraints on
equivalence-principle violating interactions with Yukawa ranges down to 1 cm and rule out an earlier
suggestion of a Yukawa interaction coupled predominantly te Z. [S0031-9007(97)02847-0]

PACS numbers: 04.80.Cc

The equivalence principle, the notion that gravitation isviolating interactions witH m = A = « except for a gap
equivalent to an acceleration of the reference frame, magetweeni = 10 km andA = 1000 km. The lower limit
be tested by comparing the accelerations of test bodiesn A was set by the distance from our instrument to the
toward a massive attractor. For maximum sensitivity,nearest substantial mass, while the gap occurred because
the test bodies should have relevant properties (bindingt these ranges we could not reliably compﬁ(a) to
energy per unit mass, atomic chargeneutron-to-proton find the horizontal Yukawa acceleration to which torsion-
ratio N/Z, etc.) that differ by the greatest practical balances are sensitive. Furthermore, all Earth-attractor
amount. The classic equivalence-principle tests [1,2}esults have little sensitivity to UFF-violating interactions
compared the accelerations of test bodies toward the suwith ¢ « N — Z because the earth contains nearly equal
implicitly assuming that any violation of the equivalence numbers of neutrons and protons. Our new test uses
principle (more precisely, of the universality of free fall or a 238U attractor because its density=~ 18.2 g/cm’ [4]
UFF) would have an infinite range. This paper presents very high, its neutron exces$N — Z)/(N + Z) =
the latest result in our program to test the UFF with ag).23, differs substantially from the terrestrial excess of

much generality as is practical. ~0, and we can comput&(A) for any A [5]. The high
For such tests, we imagine that a UFF-violating inter-density allowed us to design an instrument with very
action between point bodies has a Yukawa form close geometry and good sensitivity to interactions with
2 o=/ A’s down to 1 cm, corresponding to exchanged bosons

(1) with masses up t® X 107> eV. In addition, the attractor
was large enough that we could improve on previous
where ¢ is a coupling constantg is the “charge” of constraints in the “gap region” derived from Galileo-type
a body (not to be confused with electrical charge),comparisons of vertical accelerations [6,7].
A is the interaction range, and the and + signs Our Rot-Wash instrument is shown in Fig. 1. A
correspond to interactions mediated by scalar or vectogpecially shaped 2620 kg depleted uranium attractor
bosons, respectively. We make agpriori assumptions revolved slowly and uniformly around a stationary torsion
concerningg, A, or the scalar or vector nature of the balance containing 2 Cu and 2 Pb test bodies configured
interaction. The interaction in Eq. (1) would lead to aas a composition dipole. A UFF-violating interaction
differential acceleration of test bodies 1 and 2 toward awould apply a torque to the pendulum that varied as

— 8
Via(r) = T s e ,
T r

attractorA the sine of the azimuthal angleé,, between the uranium
AZ attractor and composition dipole
aa _ ) _ (4 97
dg M/ MmN\, T=asMay| | o = | I(A)sing ,
wherea, is the gravitational acceleration towatd @ = #/cu H /e A 3)

Fg2/(4mGu?)is dimensionlessy is the atomic mass unit,
n refers to the mass in, and/(A) involves an integral
over the attractor and pendulum density distributions.
We recently reported tests of the UFF for Be, Al,
Si/Al, and Cu test bodies attracted toward Earth, Sun
and our galaxy [3]. This paper describes a compariso
of the accelerations of Cu and Pb toward a 3 ton uraniu
attractor. We undertook this new work for the following "
reasons. Our torsion-balance test using Earth and itslocal  _ _4 5 Z
topography as the attractor had good sensitivity to UFF- § =

where M =9974g is a test-body mass, and

s = 4.31 cm the distance between centers of adjacent test
bodies. Because of the close geometry we devoted much
effort to avoiding spurious signals from gravity gradients.
Gravity-gradient torques are proportional to the products
Bf the spherical multipole momentg,,, of the pendulum
Mnd the multipole fields of the attractd¥,,,

1
Z qllemmeiimqbs (4)

m=—1

21 + 1
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The pendulum, shown in Fig. 2, was designed so that
the leadingm = 1 moment nominally occurred ih= 7
multipole order. The odd-intrinsic moments of the test
bodies vanish by symmetry, while tHe= 2 and! = 4
moments vanish by design. However, construction im-
3 F perfections produced stray pendulum moments i 2
and/ = 3 orders. The Pb and Cu bodies had nominally
identical external dimensions, masses, and surface proper-
ties. The Cu bodies were solid cylinders machined from
99.996% pure material. The Pb bodies were made from
a 92% PH7.75% SH0.25% Sn alloy for good machin-
ability, and contained cavities to account for their greater
density. The test bodies were placed on a Be pendu-
i3 lum tray that held four mirrors for monitoring the pen-
) dulum twist and two passive compensator masses that
made theg,y moment of the entire pendulum vanish.
The test bodies were located in machined recesses, al-
lowing us to interchange them and reverse the compo-
sition dipole without altering the rest of the instrument.
These interchanges provided a powerful way to distin-
guish a UFF-violating effect from imperfections in the
pendulum tray, suspension system, etc. The composition
dipole along with the rest of the pendulum and suspen-
sion fiber could be reversed with respect to the remainder
of the apparatus by rotating the fiber's upper attachment
by 180C.

The entire pendulum was coated with Au and sus-
pended inside a Au-coated magnetic shield by a 80 cm
long, 20 um diameter Au-coated W fiber with a tor-
sional constant = 0.0316 erg/radian. The pendulum
free-oscillation period wasy = 747.4 s; the amplitude

Ir

T

FIG. 1. Schematic view of the Rot-Wash instrument. The
2620 kg 28U attractor had inner and outer radii of 10.2
and 44.6 cm, respectively. Th&%U was counterbalanced
by 820 kg of Pb so the floor would not tilt as the attractor
revolved. Small Pb blocks that reduced the attractor's stray
0,1 and Q5 fields are not shown. The turntable is omitted
for clarity. The torsion balance was surrounded by a constant-
temperature enclosure and the entire apparatus resided inside a
temperature-controlled shed.

,,,,,

where our notation is defined in Refs. [3,5]; the sum
begins with! = 2 because thé = 1 moments vanish for

a pendulum suspended from a perfectly flexible fiber. The
m = 1 torques are particularly troublesome because they
have the same frequency as the UFF-violating signal.

The attractor spanned 18@ azimuth and was divided

into three segments by two horizontal gaps designed to
eliminate theQs; andQs; fields. TheQ»i, Oa1, O¢t, - . ., FIG. 2. The torsion pendulum. Small screws in the compen-
fields nominally vanish by symmetry. The three attractorsator masses on the ends of the vertical shaft were adjusted to

segments were separated by nonmagnetic bearings so \{@éiuce the strayy,; and g3 moments of the pendulum. - The
est bodies, shown in cross section in the inset, have masses

could rotate the upper two segments with rgspect to thfhat are identical to within 0.39 mg. The inset also shows the
lowest segment to prqduce large; 0|'_Q31 fields for  podies used to turn the pendulum infe or g5, gradiometers
measuring gravity-gradient effects as discussed below. with vanishing composition dipole moments.
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damping time wa$ X 10° s at our operating vacuum of AR AR A
1 X 1076 Torr. The pendulum twist was monitored by an 30 |- P()=0.42
autocollimator that reflected light off one of the mirrors on
the pendulum.

A computer monitored the pendulum twist, the attractor
orientation, the tilts of the torsion balance and of the at-
tractor turntable, and the temperatures at 12 or more loca~& 10
tions. Horizontal and vertical seismic accelerations were =
also monitored in some of the data. The attractor revolu- ~ | | |
tion period and data recording interval wetg = 1.57, O 0 20 o0 20 40
and 7z = 7,/48, respectively. Data were accumulated S[nrad]
continuously, and cut into segments containing exactly

6 attractor revolutions. Data from each “cut’ were ana-'C: 3 Signal.s, and quadraturey, values for 257 pairs of
data points with opposite orientations of the composition dipole

Iyze_d by app_lyin'g a digital_ f!lter that_eliminate_d the free o the pendulum tray. The curves are Gaussian fits to the
torsional oscillations and fitting the filtered twist, as a  histograms; the? probabilities are good in both cases.

function of ¢
5

3
0(¢) = > a,sime + b,co0d + D dpPp(x),
n=1

m=1
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Systematic effects were studied by identifying possible
(5) “driving terms” (gravity gradients, magnetism, tempera-
. . ture variations, and gradients, etc.) and making separate
where P, is a Legendre polynomial whose argument measurements in which, one at a time, each of these “driv-

is proportional to time. The polynomials accounted for &0 terms” was deliberatelv introduced at a large enough
continuous unwinding of the torsion fiber that, after hea 9 y g 9

treati ) h The h ; A Yevel to cause a perceptible twist. The ratio of induced
reating, was=1 urad/h. € harmonic sum ran up 10 ;e 14 driving term magnitude was our “sensitivity” to
n = 5 because &w torque was produced whenever the

4-fold i qul horizontally misali OIthat driving term. These “sensitivities” were then multi-
-lold symmetric penduium was horizontally misaligne plied by the measured value of the driving terms under
with respect to the revolution axis of the attractor. In

) . . normal operating conditions. Gravitation was the only
fact,.w.e used thisSe glgnal to allgn' the pendg!um systematic effect that warranted a correction. The uncer-
to within +0.04 mm of Its proper hqugontal position. tainty in the gravitational correction and the upper limits
The pen_dulum was positioned 1o W'th'ﬁoi% mm of on other systematic effects (see Table 1) were summed in
the _vertlcal center of the attractor by mstallm@l quadrature to obtain our systematic error.
gradlometgr bodies on Fhe pendulum and putting the Two separate gravitational effects were involved: the
attractor in the 0s; position (se_e bglow), an(_j then 100 nrad gravitational “sidepull’deflection of the pen-
adjusting the pendulum height until the induckd signal dulum toward the attractor, and direct gravity-gradient

vanished. ) . ;
torques given by Eqg. (4). Sidepull twisted the pendu-
Roughly equal amounts of data were taken on two Opfun? by 36.5 nra)(; (\f?a(a) mechaﬁism related to tr;\e fa-

posite pe”d“'t!r." mirrors and for two opposite orientationsmi“ar “tilt effect”) but canceled when we combined data
of the composition dipole on the pendulum tray. The har—from configurations.A and B in our signal. Gravity-

monic coefficients from Eq. (5) were corrected for pen'gradient torques were determined from Eq. (4) using mea-

dull:m |r':'ert|a# e{e(}tronlc tlm'(ta cong;anzs, t_rl]_ﬁ filter, atnd ured strayy,; andgs; moments of the normal pendulum
systemalic efiects Irom gravity gradients. € correcteq, g strayQ,; and Qs fields of the normal attractor. The

coefficients, a, and b, from N =257 pairs of "cuts stray moments were measured after every test-body in-

f['.v'th dqpplosne :)hrlerstatlonsﬂ ]f‘t?d dl?[’ of the f[:ompofJ"FFterchange by rotating the attractor segments, as shown in
lon dipole on the tray, were Titted 1o generate our Fig. 4, to produce large, well-know@,; and Q3 fields.

violatin% signal,$, and a quadrature nuig, The strayQ,; and Qs fields of the normal attractor were
S = Y l@)? + @)?1/2ny = -0.09 = 0.73 nrad,

i=1

(6) TABLE I. 10 systematic error budget.
N
0= Z[(l;l)iﬂ + (b))2]/2N = +0.65 + 0.73 nrad. Driving term Normal magnitude AS (nrad)

i=1 @) Gravity-gradient correction 5.8 nrad +0.17
] ) ] L = 4 gravity gradients +0.18
The S and Q values are consistent with zero (see Fig. 3)1» temperature fluctuations ~ 0.04 0.01 mK +0.05
and lead to d o result lw temperature gradients 1.02 0.04 mK +0.01
dce — app =(—0.7%£54+19)x10 3 cm/s>; (8) |« magnetic fields 0.2 mG +0.01
lo tilt 0.42 = 0.42 nrad +0.03

the first error is statistical and the second systematic.
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TABLE Il. 1o limits on the strength,Ay, of power-law
potentials.

N This work Ref. [12]

1 6 X 107482 1 X 107%

2 4 x 1073 1 X 1072

3 6 X 10716 1 X 10712

&Using Ref. [3].

FIG. 4. Attractor configurations used to measure stray pendu-

lum moments. Theg;; moment was measured by averaging

data taken with thed,; and Q,, attractor configurations; the
¢g31 moment was found using th@s;, configuration.

always measured after it was returned to its normal config-
uration by loading the pendulum with special gradiomete
test bodies, shown in Fig. 2, that gave the pendulum larg

and well-knowng,, or g3; moments. The net gravity-
gradient corrections t§ andQ were 5.8 and 0.5 nrad, re-

spectively. We tested the accuracy of our gravity-gradien
correction procedure by operating a pendulum with delib

erately exaggerategh; andgs; moments in the field ofan

attractor with largeQ,; andQs, gradients. The calculated |
gravity-gradient torque agreed to better than 3% with th

observed twist. Direct measurements of thg field and
indirect measurements of thg; moments indicate that

L = 4 gravity gradients contributed an error of 0.18 nrad.

Interaction Range, A (m)
10

FIG. 5. 20 constraints ona| vs A. The heavy curves are
from this work; the shaded region shows previous results. W
improved theg = B = N + Z constraints by factors of 300 at
A= 0.5m and up to 100 in the gap region; the= N — Z

We now use the result in Eq. (8) to constrain possi-
ble equivalence-principle violating interactions. Figure 5
shows limits onas as a function ofA for two possible
choices for the “charge,y =N — Z and ¢ = B, where
B = N + Z is the baryon number [8]. Constraints for other
Ipossible charges can be obtained by scaling the results
shown in Fig. 5. We have substantially strengthened pre-
Sious constraints [9,10] on interactions with=N — Z
and rule out an earlier suggestion [11] of such an in-
Leraction. Our results set improved constraints on inter-

ctions withg = B in the regimed.05 = A =80 m and

10* =A=10° m.

The results in Fig. 5 and Eq. (8) also constrain power-
aw potentials, discussed by Feinberg and Sucher [12] in
he context of multigluon exchange. Table Il compares
our limits on such potentiald/ (r) = Ay(ro/r)¥ 'hic/r
wherery = 1 fm, to those obtained in Ref. [12].
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