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We have measured the ratio of nuclear spin-precession frequencies of '

orientations of magnetic field relative to the Earth's gravitational field. We
component of gravitational energy is less than 2.2&10 ' eV, a substantia
limits. Our result provides a test of the equivalence principle for nuclear
magnitude of possible scalar-pseudoscalar interactions which would couple t

PACS numbers: 04.80.+z, 04.90.+e, 42.50.Wm

We report here the results of an experimental search
for an interaction of the form cr r", where o is the spin
operator for the nucleus of a mercury atom, and r" is a
vector pointing towards the center of the Earth. Such an
interaction violates both parity and time-reversal symme-

try and could result, for example, from a breakdown of
the equivalence principle for spin-polarized matter. It
could also arise as a consequence of a new macroscopic-
range interaction.

The equivalence between the gravitational and inertial
masses of unpolarized matter has been verified to high
precision. Very little is known, ho~ever, about the micro-
scopic properties of gravity, and there remains the possi-
bility that sensitive experiments will uncover evidence for
symmetry violations or other new phenomena associated
with this interaction. In particular, the notion that polar-
ized objects may violate the equivalence principle through
a coupling of intrinsic spin to gravity has been considered
by a number of authors [I]. Recently, an electron spin-
polarized test body was weighed in search of a o" g force,
where g is the local gravitational acceleration [2]. No
difference in acceleration between spin-up and spin-down
electrons was found at the 0.01g level. Previously, it had
been found [3] that the difference in energies between
spin-up and -down deuterium atoms in the Earth's gravi-
tational field was less than 2X10 ' eV. Finally, a study
of the gravitational coupling of Be+ nuclear spins has
recently been completed [4]. Our result provides a more
stringent limit on the size of the gravitationa1 dipole mo-
ment of a spin-polarized atomic system.

The cr. r" interaction could also arise from a new in-
teraction coupled to something other than mass, as has
been discussed extensively in connection with recent ex-
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periments to detect a fifth force [5]. The question of the
spin dependence of such an interaction remains open, as
most fifth-force experiments use unpolarized test bodies.
In particular, a recent model [6] shows that axions (or
any particle with mixed scalar-pseudoscalar couplings)
may generate a monopole-dipole potential between two

point objects of the form

(gp) i(gs)2 1 1
Vi 2(tr, r) = (o) r") —+-

mac 8z r

„exp( —r/X)
1

where (gp)~ and (gg)2 are the pseudoscalar and scalar
coupling constants of objects one and two, respectively,
k = It/m, c is the interaction range (m, is the axion mass),
and r is the relative separation of the objects. For
m, c ~ 10 eV, the Earth may act as a source to in-

teract with atomic or nuclear spins through Eq. (1).
Our experiment concerns two ground-state mercury

isotopes contained in the same cell. Since Hg has a 'So
electronic configuration, the ground state is fully de-
scribed by the nuclear-spin polarization. In the presence
of a magnetic field, we compare the nuclear-spin-pre-
cession frequencies of '

Hg (I = —,
' ) and 'Hg (I= —', )

(I is the nuclear spin). A possible new spin-dependent in-

teraction will in general couple to a different linear com-
bination of orbita1 and intrinsic spin angular momenta
than that which gives rise to the nuclear magnetic mo-
ment. Ignoring for the moment the quadrupole interac-
tion of the spin- 2 'Hg nucleus, we generalize the in-

teraction Hamiltonian for each isotope to

P = —gtp~I 8+Ael. r/(I(,
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FIG. 1. Schematic of the apparatus. Abbreviations are
defined as follows: LP, linear polarizer; lI/4, quarter-wave plate;
1, adjustable iris; PMT, photomultiplier tube; PEM, photoelas-
tic modulator. Arrows on the right-hand side of the figure indi-
cate control lines from, and data lines into the computer (not
shown). I, and I,. "trim" current sources are designed to cancel
residual transverse magnetic fields in the vicinity of the cell.
The I, "pump" supply is disconnected during the precession
phase of the experiment, while a highly stable current supply,
l-, is turned on with a given polarity. cosp+ and cosp — repre-
sent the projection of the unit vector r" along the quantization
axis for these two probe field polarities. O, E refers to the axis of
the Earth's rotation while Q&. is the eA'ective cell quadrupole
axis.
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where B is the magnetic field, gi is the nuclear g factor,
and p~ is the nuclear magneton. A is the strength of the
proposed interaction, r" points vertically downward, and e
is a model-dependent projection of the relevant intrinsic
spin operator [crI in Eq. (1)] assumed to lie along the nu-

clear angular momentum vector, I. For A&&p/vB, the
energy diAerence between neighboring Zeeman levels be-
comes

v199 g199u N ~ + A &199cosy
(3)

v201 = g 201@N B+A f201 cosf,
where p is the angle between r" and B. Experimentally,
we find that g201/g199 —0.369139. ln our case the in-
teraction of the spin- &

'Hg nuclei with the cell walls

produces a resolved quadrupole splitting, v~ =0.050 Hz,
in the observed spectrum [7,8]. As described below, we
can average the three experimentally observed frequen-
cies to extract the quantity v2p] necessary for the analysis.

From Eqs. (3) it is clear that as long as E20IAI99
&g201/g199, the ratio R =

l v201l/l v199l will depend on A,
and is insensitive to changes in B. Let J7+ (%—) repre-
sent the magnitude of this ratio for B pointing along +z
( —z). We then define

4=.'8+ —R —= (2A/&19g) (E201 06199)cosp, (4)

where 0 is the ratio of ' Hg to Hg g factors (0
= —0.369139). Setting E' =F201 —95199, values for the
quantity At. ' can easily be derived from the measured
quantities, 6, v199, and cosp.

Much of the apparatus used for this measurement has
been described previously [8,9]. The vapor cell contain-
ing both isotopes is located at the center of three concen-
tric layers of magnetic shields which reduce the ambient
magnetic field at the cell to less than 20 pG. Coils locat-
ed within the shields allow the application of small mag-
netic fields ( ( 10 mG) for each phase of the experiment.
Figure 1 is a schematic diagram of the apparatus with
relevant axes and angles shown. The shields are oriented
so that the axis of the concentric cylinders points along
the Earth's rotation axis (making /&+i=132. 5' for our
local latitude). By choosing the precession magnetic field
to point in the same direction (defined as z) we insure
that the angles 0 and a are near zero, and systematic er-
rors due to axis misalignment are quadratic in nature (see
below).

Each measurement consists of a "pump" and "probe"
cycle. The two Hg isotopes are optically pumped with
circularly polarized light, either o.+ or cr —,directed along
a small magnetic field 8,. Next the pump field is turned
oA'and a probe field is switched on along +z or —z. The
incident light intensity is reduced, and a photoelastic
modulator (PEM) rapidly varies the polarization of the
incident light between a+ and o —during the 200-s probe
interval. The absorption of light by the precessing atoms
is therefore modulated at both the PEM and Larmor pre-
cession frequencies. The transmitted light is collected
and demodulated at the 42-kHz PEM frequency. A typi-
cal four-frequency free-precession signal is shown in Fig.
2.

For the purpose of this search, the direction of the
quantization axis for precession was switched from +z to
—z roughly once an hour, hereby reversing the sign of
cosp. While data were taken at several larger magnetic-
field values, the majority of runs had B= 1.1 mG
(v199 ——0.83 Hz). Data were also taken with difTerent in-

cident light intensities, and with both senses of pump
light polarization. Finally, the entire apparatus was ro-
tated about the z axis by 180 for a second data set
("8"),and then about the x axis for a third set ("C"),to
search for possible systematic errors associated with the
orientation of the vapor cell relative to r". In all, nearly
6000 individual measurements were accumulated over a
period of several months.

Individual runs were fitted in the time domain by a
nonlinear least-squares function containing frequencies,
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amplitudes, phases, and decay rates for the four frequen-
cies, as well as a dc background. Typically, the uncer-

tainty in each frequency for a single free-precession run

was 10 pHz. Mean and standard deviations were com-
puted for sets of nominally identical runs with the probe
magnetic field in a given direction. Values for h, were
then computed for data sets with a given field magnitude,

pump light polarization, and probe light level.
Because the apparatus is configured so that atoms pre-

cess about an axis nearly parallel (or antiparallel) to that
of the Earth's rotation, the frequency ratio measured in

the rotating laboratory is actually

8+ =(vpp! + QEcosO)/(v!99+ Qpcos8) . (s)

The superscript distinguishes this uncorrected ratio from
%+ used to compute 6 in Eq. (4) above. QE =11.6 pHz
is the rotation rate of the Earth, and the factor of cose
accounts for possible residual misalignment of B and Aq.
A nonzero value for 0 can arise due to mechanical
misalignment of the apparatus (less than 3' here), as well

as from residual magnetic fields in the x-y plane. By
adding trim currents in the x and y directions, the direc-
tion of the resultant field and the magnetic shield axis
were made to coincide to within 1 . We derive %'w from
8'+ assuming that 0=0; however, even if 0 is as large as
3, the resultant error in 6 is less than 4X10 /v!99(HZ).
Another mechanism which could potentially affect the
observed frequency ratio is the dipole light shift. The use
of the PEM and the orientation of the probe magnetic
field relative to the incident light made the light shifts of
the Zeeman levels of both isotopes negligibly small in our
case.

40
TIME (SEC)

FIG. 2. Typical four-frequency free-precession signal. The
sinusoidal signal is the output of the lock-in amplifier which

demodulates the observed transmitted light intensity at the 42-
kHz photoelastic modulator frequency. Shown below, multi-

plied by 10, are the residuals of a nonlinear least-squares fit of
the data by a sum of decaying cosines. Typical data decayed
with I/e times of 60 and 80 s for 'P'Hg and ' Hg, respectively.
Above the precession signal, a portion of the fast Fourier trans-
form is shown with a solid line connecting consecutive points.

(6)2

vp vt. + ( ~g sin a —
& sin acos a)

VL

Here vt and vq are the unperturbed Larmor frequency
and quadrupole splitting, respectively, and a is the angle
between the quadrupole and magnetic-field axes. We as-
sume (and have experimentally verified) that the surface
interaction is well approximated by a single symmetric
quadrupole. While the corrections approach zero for
large external magnetic fields, in our experiment they can
exceed 10 Hz for large values of a. Now consider a
particular combination of the three observed frequencies,
v, =(v-+2vp+ v+)/4. As can be seen from Eqs. (6), v,
differs from vl by (vv/VL) —,', sin a. Independently, we

have measured the value of a to be ~ 3' [10]. More-
over, differences between values of a for B along z and
—z were measured to be &1', in agreement with our
earlier estimates concerning the size of stray magnetic
fields. Thus, if v, is used for the purposes of computing
R~ and 6, any systematic error in 6 from residual cell-
axis misalignment cannot exceed I x 10 /v(Hz) [I I].

Using Eq. (4), for each value of 6 we computed a value
for the quantity Ae'. Table I shows a summary of the
data and our investigation into possible sources of sys-
tematic error. An analysis based on these results allows
us to compute a final mean value and statistical uncer-
tainty for Ae'. It also allows us to place an upper limit
on the uncertainties due to systematic effects considered
here. This is done by assigning a systematic uncertainty
to data sets which did not include extensive reversals of a
given parameter, based on any apparent systematic
differences correlated with that parameter (from other
data sets). We find that

Ap' = —0.12 ~ 0.14(stat) ~ 0.15(syst) pHz.
If we assume that the appropriate spin operator, o.~, for

the proposed interaction is the nuclear spin itself (@~99
=eqp! =I, e'=1.369), it follows that jAj & 2.2X 10

137

We now consider the effect of atom-cell surface in-

teractions on the observed spin-precession frequencies.
While such an interaction provides the dominant relaxa-
tion mechanism for ' Hg, there is no evidence that it
shifts the precession frequency of this spin- 2 atom. In

the case of 'Hg, however, the surface-averaged elec-
tric-field gradient produces a resolved quadrupole split-

ting in the spectrum. The quantization axis associated
with this effect is largely determined by the geometry of
the cell. In our case this axis is nearly perpendicular to
its broad face (nearly parallel to z). In lowest order, the
quadrupole interaction leads to additional spin-precession
frequencies equally spaced about the unperturbed 'Hg
Zeeman frequency. When the cell-quadrupole axis and

that of the external magnetic field do not coincide, we can
use second-order perturbation theory to calculate the
three observed 'Hg frequencies:

2

v+ =VI + vq( —'. cos a ——,
' )+ ( —,'sin acos a),

VL
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TABLE I. Summary of data and investigation of systematic
errors. The first four column entries refer to the status of par-
ticular experimental parameters for a given set of data runs
whose mean and statistical error are listed in the final column.
Labels are as follows: (I) magnetic-field strength ("H" corre-
sponds to 3 & ~B~ & 100 mG, "L"to I mG); (II) pump light po-
larization ("+" and "—"refer to a~ and a light, respective-

ly); (III) probe light intensity ("H" corresponds to roughly 3

times the light intensity of "L"); (IV) cell orientation ("A,"
"B," and "C" refer to the apparatus orientation as described in

the text). The final line contains the mean and I tr statistical er-
ror of all data. Upper limits for systematic variation correlated
with each parameter are estimated. Systematic errors are add-
ed to those data sets not including reversals or changes of some
parameters. The final systematic error quoted in the text in-

cludes these contributions, as well as smaller ones from possible
Earth rotation-axis and cell-axis misalignment.

have the most potential significance in the short-range re-
gime (I mm &A. & 10 cm) where astronomical observa-
tions have not already provided more stringent con-
straints [14]. A straightforward extension of this experi-
ment to search for shorter-range forces would involve
placing a small amount of very dense material in close
proximity to the vapor cell. By changing the position of
the small source relative to the external magnetic field
and cell, a sensitive test of the above model for ranges of
order 1 cm would be possible.
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IV Ae' (p Hz)

H/I.
H/L
H/L
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I
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All data

+/—
+/—
+/—
+/—
+/—

+
+
+

H/l.
H/L
H/l.

L

H/L
H/L

B
C

B
B
C
C

+0.23 + 0.32
—0.24 ~ 0.24
—0.17+ 0.24
+0.16+0.49
+0.28 + 0.47
—0.26+ 0.39
—0.22+ 0.30
—0.36+ 0.27
+0.06+ 0.30
—0.12+ 0.14

eV (95% C.L.). In the nuclear shell model, the '
Hg

and 'Hg nuclei are characterized by valence p~/2 and

p 3/2 neutrons, respectively. The spin projections for the
valence neutrons alone are e2p) E)99 q or e'=0.21.
In this model [12], our result implies that the energy
diA'erence between a spin-up and spin-down neutron in

the Earth's gravitational field is less than 2.1x10 eV
(95% C.L.). Integrating over a uniform density spherical
Earth as a source for the monopole-dipole interaction of
Eq. (1), we can place limits on the coupling constants for
a given axion range, A, . Adopting the notation of Ref. [4],
we define D= (g„)~(gq)z/8trhm~c —(here m~ is the neutron
mass). For A. ~ 10 m, our result for A implies that
D(' Hg, Hg) & 3.6X 10 '

kg ', and, using the
above nuclear model, we find that D(neutron) & 1.7
&& IO kg

' (both 95% C.L.). Our results for the neu-

tron improve by a factor of 25 the analogous interpreta-
tion of data from the Be+ stored-ion spectroscopy de-
scribed in Ref. [4].

Still considering the Earth as axion source, limits

placed on D by our experiment become rapidly less

stringent for axion ranges less than 10 m OD =const
down to I m, D grows exponentially for A, & I m) [13].
Yet, ultimately, laboratory measurements such as these
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