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Null result for violation of the equivalence principle with free-fall rotating gyroscopes
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The differential acceleration between a rotating mechanical gyroscope and a nonrotating one is directly
measured by using a double free-fall interferometer, and no apparent differential acceleration has been ob-
served at the relative level of>210 8. It means that the equivalence principle is still valid for rotating
extended bodies, i.e., the spin-gravity interaction between the extended bodies has not been observed at this
level. Also, to the limit of our experimental sensitivity, there is no observed asymmetrical effect or antigravity
of the rotating gyroscopes as reported by Hayaskal.
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[. INTRODUCTION still open problems. Thus the Stanford GPB project simply
includes a measurement of the spin precession rathe(ithan
It is well known that the spin interactions of elementary and (iii). In addition, although other gravitational theories,
particles, spin-orbit coupling and spin-spin coupling, havesuch as the gauge theories of gravitation with torgibh,
been studied in both theory and experiment for a long timeseem to include spin-spin coupling of fluid, it is difficult to
Furthermore, gravitational couplings(i.e., the spin- discuss the spin-interaction between rotating rigid balls
gravitoelectric couplind1,2] and the spin-gravitomagnetic within the framework of these theories. For this reason,
coupling[3,4]) and spin-rotation couplingb—7] between in-  Zhanget al. recently developed a phenomenological model
trinsic spins and rotating bodies have been also investigatefdr the rotation-rotation interaction between the rotating rigid
for a long time(see, e.g., Ref8]). balls[10], which predictdiii ), i.e., the effect of the coupling,
However, the status of research for rotatidspin, gyroscope spin to Earth spin, on the orbital acceleration of
coupling between macroscopic rotating bodies is vastly difthe gyroscope free-falling in Earth’s gravitational field. In
ferent. The spin-orbit coupling for the motion of a mechani-this sense this type of spin-spin coupling would violate the
cal gyroscope was already well known in Newton’s mechan-equivalence principl€EP) for the free-fall gyroscopes.
ics. With the exception of the spin-orbit coupling, on the EP, as one of the fundamental hypotheses of Einstein’'s
other hand, Einstein’s theory of general relativity also pre-general relativity, has been tested by many experimdréts
dicts the spin-gravitational coupling of a mechanical gyro-18]. Recently, some different tests of EP for gravitational
scope, which has been investigated by many authors, e.gself-energy [19] and spin-polarized macroscopic objects
see Ref.[8]. In particular, the Stanford Gravity Probe B [20,21] have been reported. However, in all of the experi-
(GPB) group has theoretically studied for a long time thesements as well as the Satellite Test of the Equivalence Prin-
types of gravitomagnetic effects and plans to perform a sateiple (STEP and the Galileo Galile{GG) space projects as
ellite orbital experiment in order to seek the couplings ofwell as the MICROSCOPE space miss[@2—-24, it is non-
rotor spin to Earth spin and rotor spin to rotor orf#i. As  rotating bodies that are used. In addition, as pointed out
pointed out by Zhanget al. [10], however, the mechanical above, although a gyroscope is used in the Stanford GPB
gyroscope spin is essentially different from the intrinsic spinproject, only the precession of the gyroscopic spin is to be
of elementary particles. In fact, an extended body could havebserved, which is irrelevant to the orbital motion.
two different types of motion, i.e., orbit motiaithe motion Some relevant experiments have been performed by use
of the center-of-magsand rotation. Thus an extra foréer ~ of mechanical gyroscopes and give contradictory results
force moment which could come from the spin-spiine., [25-30. In particular, the observations in these experiments
rotation-rotation coupling between rotating macroscopic were made by means of beam balance, and so only the grav-
bodies, might change the three types of motion for the rotatity and its reacting force were working, which is irrelevant to
ing bodies:(i) spin precessiofii.e., a change of spin direc- inertial force. Therefore, this type of experiment is simply a
tion), (ii) a change of the rotation rate, afid) a change of test of statics independent of EP.
the motion of the center-of-mass. It is known that general Recently, Hayasakat al. investigated the effect of a ro-
relativity (GR) only predicts(i), i.e., spin precession, while tating gyroscope on the fall-acceleration by comparing the
any possible connections of GR with) and (iii) are now fall-times of the gyroscope with differential rotating sense
using the time-counter combined with three couples of the
laser emitters and receivef81]. Their experimental data

*Email address: junluo@public.wh.hb.cn show that the gravity acceleration of the right-rotating rotor
"Email address: yzhang@itp.ac.cn at 18000 rpm is smaller than that of the non-rotating one at
*Mailing address of Y. Z. Zhang. the relative level of 10#, and the gravity acceleration of the
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Cs1250 combined with an external rubidium atomic clock
(SRS, Inc., SR620 which provides a relative time standard
of 10719 and then stored in a computer. The test masses are
freely dropped in two 12-m-high vacuum tubes of about
20-50 mPa. Compared with the SFF experiment employed
by Hayasakat al, the DFF scheme can minimize the envi-
Computer ronmental noises such as the tides, gravity gradient, seismic
CO—% N II noise, and air damping and so on, because the differential
Laser Beam splitter :

mode design can suppress some common errors of both fall-

= mplifier High:epead ing objects.

UL As we know, the sensitivity of such a Galilean experiment
Rub. clock| AD

in which both dropping objects are put side-by-side is limited
by the alignment of the beam propagation away from the
FIG. 1. Schematical diagram of a free-fall interferometer used tovertical line[17]. For example, an error in the verticality of
measure the differential acceleration between two gyroscopes witB” ill contribute an uncertain differential acceleration of
differential rotating senses. 0.3 uGal (1 Gak1cm/g). A proposed method to reduce
this error is to locate the dropping masses directly one above
the other, but the design and operation would be very com-
plicated. However, in order to test the asymmetrical gravity
acceleration effect of I0* as reported by Hayasalet al.,

much less than the observation in Rgg1]. As pointed out the side-by-side setup is gmployed here, and the two test
above, this type of free-fall experiment is a test of dynamicsMasses are separated horizontélguth-north by 480 mm.

which is closely related to EP. And hence, it is necessary td his design is very convenient for us to drive the gyroscopes
do a new dynamic test of EP by use of free-fall gyroscopes@nd release them. _

In this article, we shall report a new dynamic test of the Each of the two test masses consists of a steel gyroscope
spin-spin coupling between a gyroscope and the Earth. Basa#th @ mass of 42082.5 g, a diameter of about 55 mm and
on the theoretical model in RdfL0], a dimensionless param- a height of about 32 mm, a CCR of 76:4.4 g and a diam-
eter representing the strength of violation of EP can be deeter of 40 mm as well as an outer aluminum frame of

Rotor AZ=AZy +AVg+AgP2

CCR

left-rotating rotor is almost identical with that of the nonro-
tating (i.e., an asymmetric couplingBut the phenomeno-
logical theory for rotating rigid balls in Refl10] predicts a
symmetric spin-spin coupling which is in the order of 16

fined as follows: 159.4+0.9 g. Tinned copper wires with a diameter of 0.25
o o mm are used to suspend the test masses and melt by an
Ag S-S S-S instantaneous large currgpt 150 A) provided by a capacitor
7T T GmMMR, GMpMGR,)’ @) array, and then the test masses are released and drop freely

[32]. A dc three-phase motor is used to drive one of the
where G is the Newtonian gravitational constamb;, m,, gyroscopes, and the other is in non-rotating status. The rotat-
andM, are the masses of the two gyroscopes and the Eartling speed of the gyroscope can be adjusted by changing the
respectively, an&,, S,, andS, are their spin angular mo- input voltage of the motor. Simultaneous measurement of the
menta correspondinglfg; andR, are the distances between driving frequency of the motor and the rotating rate of the
the centers of the two gyroscopes and the Earth, respectivel§fyroScope rotor in a vacuum container of about 3 Pa showed
and the parameter represents the universal coupling factor that the rotating frequency of the rotor is equal to that of the
for the spin-spin interaction. Therefore, in a double free-fallmotor with an uncertainty of 1%. It is useful for recording
(DFF) experiment, in which two gyroscopes with differential the rotating speed of the gyroscope without adding an exter-
would imply violation of the EP or existence of spin-spin iNg speed of the gyroscope is kept at (17@@D0) rpm. A
force between the gyroscope and the Earth. mechanical claw is used to grasp the test mass during the
speedup progress of the gyroscope, and it is then loosed
when the gyroscope runs normally. The free-fall test masses
are captured by two 1.2-m-length tubes with an assembly of

The schematic diagram of the DFF experiment is showrthin rubber rings and aluminum foils, respectively. Because
in Fig. 1. A frequency-stabilized He-Ne laser beé3 nm) of the lack of a return mechanism, which could reset the
with the relative length standard of 30 8 is split by two  dropping objects under the vacuum condition, we have to
beam splitters and sent vertically to the two corner-cube retepen the vacuum tubes after each free-fall measurement.
roreflectors(CCRg9 fixed on the bottoms of the test masses, The diameter of the laser beam is kept in a range of 3.0—
respectively, and then combined again and forms interferencg&2 mm by a two-lens collimation assembly during 20 m
fringes on a 12-ns-response-time photodiod@S, Ltd., optical length so that the beam wavefront effect can be ne-
OSD15-57. The differential vertical displacement of both glected here. The differential radiation pressure on the test
test masses, the gyroscopes with differential rotating sensesiasses is less than@0 * wGal for 0.5 mW laser power
is continuously monitored by the interferometer and sampledised here. The angles of the beam aligned with the local
by means of a 10 MHz data-acquisition cai@age, Ltd., vertical are monitored by a telescope combined with two

Il. EXPERIMENTAL DESCRIPTION
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horizontal oil references, and then fed back to align the beam Variation of the magnetic flux density is within 0.1 G near
splitters by four fine screws. The aligned verticality is keptthe right-, left-, or nonrotating rotor, and the geomagnetic
within 50" for each laser beam; the maximum uncertainty offlux density is about 0.4 G here. The estimation shows that
the differential acceleration due to the aligned verticality isthe effect of the geomagnetic field on the steel rotor is at the
30 uGal. level of 10 1° Gal.

The test mass with a nonrotation rotor is released about 3 An acceleration difference due to interaction between a
ms before the other with a left- or right-rotating rotor in possible horizontal velocity differencéuv;, and rotation of
order to obtain an interference fringe rate of about 100 kHzhe Earth is given by
by means of two differential relay switches. The amplitude

spectrum of the seismic noise in our laboratory is about Ag=2A0,X Q<2Av,Q) COSA, (5
10~ %/(f/Hz)? m/\Hz [33], which will contribute an uncer-
tainty of about 1uGal to the final experiment result. where() is the angular frequency of the Earth’s rotating, and

The sample data in each free-fall are processed as in the (=30°) is the latitude of our laboratory. Thév,, is esti-
following steps. First, the dc offset and the amplitude of eachmated smaller than 4.3 mm/s according to interference inten-
interference fringe are determined from the original time-sity of the two interference beams reflected from the CCRs
voltage datdt;,V;}. Second, by calculating an inverse func- versus the falling length mm deviation for 10-m-fall
tion of the fringe using the dc offset and the amplitude de-heighd. Therefore, the uncertain acceleration due to the pro-
termined, we can transform the ddtq,V;} into the time-  cession effect is less than 4Gal. It means that the hori-
differential displacement datét; ,Az}. Finally, the data zontal velocity difference would have to be monitored in the
{ti , Az} are fitted by a parabolic trajectory perturbed with afurther experiment with a higher precision.

linear vertical gravity gradieny. The differential displace- A possible lifting force for a rotating rotor due to the
ment between both test masses is given by the equation &gsidual gas flow’s circulation can be calculated based on the
follows: Zhukovskii theorem as followE36]:

Az=Azy+ Avot+(Ag+ yAzZo)t?2+ Avoyt36,  (2) |E|m=m5+m=—29gas\7><65, (6)

where unknown parameterszy,Avg=gAty, and Ag are
the initial differential vertical displacement, velocity, and ac—r m) is the angular velocity of the rotating rotor, apghsis
celeration at the same height, respectively. It is evident thaﬁ?e residual gas density ?/n the vacuum tube ’ Becafuse the
the initial differential displacement, which includes their . . . S

- : : f : interferometric measurement here is nearly insensitive to the
original ;uspendlng difference and descent height due to th#orizontal motions of the two test massesy the lifting effect
release time delajty, has to be measured accurately. Here ’

the suspending height difference of both test masses is leSd! the vertical acceleration difference would be zeravif

than 1 mm, and their descent height due to 3 ms delay was exactly along the vertical axis. The maximum uncertain

about 50um. In this case, the vertical gravity gradient effect rotation d|:_ect|§{)n dOf tgf ro;a;flng ro(;ortr?way from tgle vertltc_:al |
is about 0.3uGal. In addition, it is noted that the fitting %> IS estimaied within =.% mrag, thus a possible vertica

initial time difference, which is here defined as the time dif- acc?Ier.aFlon.dﬁference betweenlothe rotors due to the gas
ference of the fitting initial data away from the real releasefIOWs lifting is at the level of 10~ Gal, which can be ne-
time of the latter test mass, will contribute an uncertain ac_glected here.
celeration difference due to the coupling between the initial
differential velocity and the vertical gravity gradient. In gen- ll. EXPERIMENTAL RESULTS
eral, the fitting initial time difference should be kept below
0.1 s for 1uGal uncertainty.

A known systematic error due to the finite speed of light

is given by[34]

where V is the velocity of the rotating rotorp (~17000

A typical voltage output from the photodiode is shown in
Fig. 2. Figure 2a) is the intensity curve of the interference
fringe as the first dropping obje¢honrotating hergis re-
leased, and the rate of the fringe increases with the falling of

Ag/g=3Auv,/C, 3) the nonrotating test mass until the other is also released. As

both test masses drop freely, the rate of the fringe is modu-

and the correction is about 0/83al in our experiment. An- lated by their acceleration difference or the noises, as shown
other systematic error due to residual gas drag could be cald Fig. 2(b).

culated as follow$35]: Figure 3 lists 3 sets of 5 measurements each of N-L, N-R,
and N-N, where L, R, and N represent left-, right-, and non-
Aglg=AAvop\8ul/(wRT)/(4mg), (4) rotating, respectively. The uncertain differential acceleration

of each free-fall comes to the level of 10@@al, while the
whereA (=170 cnf) is the total surface area of the test mass fitting standard deviatiofi+10) is only a fewuGal, but it is
u andR are the molecular weight of residual gas and the gasioted that the uncertainty is independent of their rotating
constant,m is the mass of the falling objecT, is the tem-  senses. Statistical result shows that relative uncertainty of the
perature, ang is the residual pressure. The uncertain acceldifferential acceleration between the nonrotating and left-
eration due to the drag effect is less thanu&al at p rotating test masses gy, /g=(0.90+0.94)x10 ¢, and
=50 mPa andl' =300 K. that between the nonrotating and right-rotatingAign.r/9
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[ FIG. 3. Statistical result of the relative differential acceleration
_ I between two test masses with different rotating seriseR, andN
2 30 represent left, right-, and nonrotating, respectively,, Rga,, and
g‘ Ngia represent the statistical values of the corresponding differential
5 25l acceleration, and the error bars denatéo.
g 2
w . . .
g wherem is the mass of rotofin g), o is the angular fre-
% 20r quency of rotati_or(in rad/g, andr, is the equivalence ra-
2 dius (in cm), defined as follows:
52.00 52.05 52.10 52.15 5220 Mreg= f f p(r,z)2mr?drdz, (8)
) Time (ms)

wherep(r,z) is the density of the rotor materials. Their ex-
perimental result shows that the factakx is about

2X 10 °/s. Considering the generalization of the possible
anomalous weight change of the rotating gyroscopes, the
possible weight loss of the two rotating directions of the
gyroscope could be given as folloy29,37:

FIG. 2. (a) Interference fringe intensity as the first test mass is
released. The fringe rate increases with its falliftm;interference
fringe intensity as both the test masses drop freely.

=(0.67+1.92)x10°°. They are almost the same as the
background limit ofAgy.y/g=(0.56+ 1.44)x 10",
Summarizing the data obtained in RE25], the weight
loss, resulting from the mass reduction or the acceleration
decrease, for right-rotating around the vertical axis is ap- ) o _
proximately formulated by Hayasaka and Takeuchi, in unitsVherel is the inertia moment of the rotating rotgs; could
of dynes, as follows: be considered as a factor dependent upon the anomalous ef-
fect. Based on the above formulas, all reported experimental
tests of the anomalous effect are tabulated in Table | as sug-

AW(w)=Blo, ©)

AW(w)=amrgqw, (7)

TABLE |. Summary of test experiments of anomalous weight change of the rotating rotors.

M D le | ®max AW a
Experiment Method  (g) (cm) (cm) (g cmf) (rpm) (dyn) (s™ (cmts™
Hayasaka & Takeuchi BB 140 5.2 185 473 13000 7.6 2.1%10°° 1.17x10°°
175 5.8 2.28 736 11.7 2.1%10°° 1.16x10°°
Falleret al. BB 451 5.1 1.78 1466 6000 <0.39 <8.14x10°7 <4.25x1077
Quinn & Picard BB 330 4.0 1.33 660 8000 <0.06 <1.60x1077 <1.06x1077
Nitschke & Wilmarth BB 142 3.84 1.28 328 22000 <0.07 <1.64x1077 <0.91x 1077
Imanishiet al. BB 129 5.0 1.94 5512 11000 <0.32 <1.12x10°° <5.10x 1077
Hayasakaet al. SFF 175 5.8 1.93 970 18000 24.9 3.9810°° 1.36x10°°
Luo et al. DFF 420 5.49 1.83 1582 17000 <0.80 <5.89x1077 <2.86x1077

#Data provided by the corresponding reference.
bData calculated according to the assumption of a uniform composition rotor.
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gested by Newmaf38]. It is noted that some unknown pa- test mass. The friction coupling not only causes a high-
rameters are calculated according to a uniform compositiofrequency mechanical vibration of the CCR at the frequency
rotor assumption. _ . of the rotating rotor, but also results in a slowly rotating

From the results of our DFF experiment, there is no apmotion of the frame, which frequency is about 1 Hz. Another
parent differential acceleration between the rotating and nonmain limitation had been proved to come from the outgas-
rotating test masses within our experimental limits. Theresing effect of the vacuum pump with a full rated pumping
fore, we can co.nclude that the_ differential ac.celerauons eed 1500 L/s due to the asymmetrical outgassing for the
between the rotating and nonrotating gyroscopes is almost €5 tubes here. It is hoped that the sensitivity of our DFF
orders of magnitude smaller than reported in R8L], and oy neriment could be improved by one or two orders in the
the differential acceleration effect between the right- and, ... future and the upper limit of the dependent factoes

B could be improved to 10°. Therefore, the new EP for the

left- versus the nonrotating was not observed in our experi
. 76 . .

ment at the relative level of210™°. It means that EP is stil rotating extended bodies could be tested at the same level

correspondingly.

valid for extended rotating bodies, and the spin-spin interac
tion between the rotating extended bodies has not been ob-
served at this level. And then, according to Eg). and the
approximately uniform sphere mode of the Earth, it can be
concluded thak<2x 10" * kg™, which sets an upper limit
for the spin-spin interaction between a rotating extended
body and the Earth.
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