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Testing Time-Reversal Symmetry Using °°Hg
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A new search for a permanent electric dipole moment of °°Hg has yielded the null result
d(**°Hg)= —(2.7 £ 5.8) x 107*®ecm where the statistical and systematic uncertainty have been
combined. This gives an upper limit of d(**°Hg) < 1.3 x 10~ %"ecm (95% confidence). The measure-
ment sets the most stringent limits to date on several possible sources of time-reversal symmetry
violation. We look for a relative shift in Larmor-precession frequency between two optically pumped
199Hg atomic oscillators in the presence of applied electric fields. We have attained a statistical
uncertainty on the relative shift in frequency between the oscillators of 2 x 10~° Hz.

PACS numbers: 35.10.Di, 11.30.Er, 32.80.Bx, 35.10. Wb

An isolated elementary particle or atomic system can
possess a permanent electric dipole moment (EDM) only
through some interaction which violates both parity con-
servation (P) and time-reversal symmetry (T"). The ex-
istence of such an interaction is implied by the long-
standing observation of C'P violation in Ko decay [1].
Recent EDM experiments have yielded null results for
the neutron [2,3], for mercury, thallium, and cesium
atoms [4-6], and for the thallium-fluoride molecule [7].
Each of these experiments is sensitive to certain sources
of T violation, and taken together test 7' symmetry on
a broad front [8,9]. We report here the results of a new
experiment on the °?Hg atom, which improves by over
a factor of 25 the EDM limit set by our earlier mercury
measurement [4], and sets new bounds on T-violating
quark-quark and electron-quark interactions and on T
violation in supersymmetric models [9].

The new version of our experiment has four major
improvements: incorporation of a transverse pumping
scheme which eliminates frequency shifts due to the
pump light, stabilization of the Hg density and the spin
relaxation time of the optical pumping cells, elimination
of the most serious magnetic perturbation by reducing
the leakage currents across the cells to the pA level, and
an increase in signal by using enriched %°Hg rather than
natural Hg in the cells. The measurement is now sen-
sitive to nHz frequency shifts, the smallest energy shift
that has ever been detected in any experiment. Likewise,
the limit on the 199Hg EDM reported here is the smallest
that has been set thus far on any system.

In the ground state of 199Hg (61S;) only the nuclear
spin (I = 1/2) contributes to the total angular momen-
tum. In external electric and magnetic fields E and B
the Hamiltonian is

H = —(dE + uB) -1/I , (1)

where d and p are the electric and magnetic dipole mo-
ments. The violation of T" in Eq. (1) is evident, since E

does not change sign under ¢ — —t whereas B and I both
do.
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We compare the 1%°Hg Larmor-precession frequencies
in two adjacent cells having equal but oppositely directed
applied electric fields and the same magnetic field. From
Eq. (1), an EDM would cause a frequency shift of 2Ed/h
in each cell. The magnitude of the EDM is given by

hév

where 6v is the difference in precession frequency between
the two cells and h is Planck’s constant. To extract d, we
measure the change in év as E in each cell is reversed.
Magnetic field shifts common to the two cells cancel, leav-
ing the system magnetically sensitive only to changes in
the magnetic field gradient.

The overall geometry of the apparatus is shown in Fig.
1. The EDM cells are positioned within three layers of
magnetic shielding with a total shielding factor of about
70000. Each cell functions as an optically pumped os-
cillator based on the Larmor-precession frequency of the
nuclear spins about BZ (with B ~ 10 mG). The 253.7 nm
line from a ?°*Hg electrodeless-microwave-discharge lamp
supplies the pumping radiation to polarize the nuclear
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FIG. 1. '®*Hg EDM experiment block diagram.
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spins and monitor their precession. The pumping light
is directed along % and acquires a modulated circular
polarization of form P, = P coswt by passage through a
rotating linear polarizer (LP) followed by a fixed quarter-
wave retardation plate (A/4) (in some data the LP was
fixed and the A\/4 plate rotated).

When w is set close to the Larmor spin precession fre-
quency wr,, the optical pumping due to P, causes a syn-
chronized nuclear spin polarization, (I)/I, to build up to
a steady state magnitude. (I) rotates in the z-y plane
with an z component given by (I,) = |[(I}| cos(wt + ¢)
[10-12]. A shift in the phase difference ¢ is a sensitive
measure of any shift in wy,, the Larmor spin precession
frequency. The absorption of the polarized light depends
upon (I;) P, producing a modulation in the transmitted
light intensity at 2w. The phase shift in this signal is used
to measure the shift in precession frequency that would
be caused by the coupling of an EDM to the electric field.
Typically the 2w modulation depth is approximately 15%
of the total transmitted light intensity (with about 20%
of the total light being nonresonant).

To the extent that the light-propagation direction is
not perpendicular to B and the light polarization does
not average to zero, the atomic oscillators can acquire a
light induced frequency shift [13]. The present geometry
reduces this light shift by at least a factor of 200 from our
previous experiment where it was the dominant source of
noise.

The light transmitted by each cell is detected by a pho-
tomultiplier which is sensitive only to UV. Each signal is
amplified and fed into a pair of phase sensitive detectors
(PSD’s) which use a reference signal generated by a slot-
ted wheel attached to the rotating polarizer. One PSD in
each pair detects the component of the transmitted light
that is in phase with the light polarization (Vj», V4r)
where 1 and 2 denote cell 1 and cell 2, and the other
detects the component that is 90° out of phase with the
light polarization (V°Ut, Vut). Close to resonance (i.e.,
when w 2 wyr), VP and VUt are nearly zero and ap-
proximately linear in w — wy, so the sum of V" and
VUt is fed back to the B coils to keep w = wr.

To cancel any residual magnetic field offset between the
cells there is also an anti-Helmholtz coil that produces a
magnetic field gradient along Z at the cells. The differ-
ence between VU and VUt is held close to zero through
feedback to these gradient coils. This gradient correction
signal provides a measure of §v, the frequency difference
between the cells. A change in this signal which is corre-
lated with the electric field direction would be evidence
for an EDM. The calibration of the gradient correction
signal, 26 pHz/V, is determined by applying a known
current through the anti-Helmholtz coil. The drift in
magnetic field gradient was typically less than 1 nG/h
(see Fig. 2).

The cells contain about 10~2 torr of mercury vapor to
produce ~70% absorption of the pumping light, and 300
torr of nitrogen buffer gas to increase the high-voltage
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FIG. 2. Typical gradient correction data with high-voltage
sequence included. No discontinuities were found in this 24 h

run. Only part of the run is shown in order to make the HV
flip sequence discernible.

(HV) breakdown potential within the cells. These cells,
an improved version of our previous cells [4], required an
extensive development [10]. We found that trace oxygen
impurities must be removed from the buffer gas to pre-
vent loss of Hg atoms through formation of HgO. In ad-
dition, hydrogen atoms accumulating on the walls of the
cells relax the spins and limit their spin lifetime. Adding
5% CO to the buffer gas alleviated this problem because
the CO reacts with the H in the presence of UV, stabi-
lizing the spin relaxation lifetime (T%) at about 45 s.

During a run the setting of the HV supply that gen-
erates E in the cells is changed in the sequence (HV+,
HVO0, HV—, HV0, HV+, ...). Each HV “dwell” is ap-
proximately 300 s, but there are magnetic fields produced
by the charging currents, so only the final 50 s are used
for the determination of the EDM value for that dwell.
(Earlier times are used to look for possible systematic
effects.) The frequency shift, 6v, and other relevant pa-
rameters were monitored through about 200 successive
reversals of E per run. The statistical uncertainty on év
for a typical run is about 0.03 xHz which corresponds to
3 x 107%"ecm for one 24 h period when E =10 kV /cm.

The data we report here come from three data sets,
which were taken over a 3-yr period. Data sets 1 and 2
have 88 and 98 one-day runs, respectively, but improve-
ments in data set 3 allowed better precision with only
48 runs. The same pair of cells was used in data sets 1
and 3 and a different pair in data set 2. For set 3, the
cell lifetimes were rejuvenated by gentle heating, yielding
longer spin relaxation lifetimes (60 s). To identify pos-
sible systematic errors, many experimental parameters
were reversed between runs: the phase of the pump-light
modulation, the sign of w for the pump-light modulation,
the direction of B, and the sign of the gradient correc-
tion current. In addition, the magnitude of E was toggled
between 5 and 10 kV /cm.
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Every 0.1 s a computer digitized the signals from 16
data channels. These include év, the gradient correction
signal; o, the B correction signal; Vi, Vin, veut) and
VUt defined above; 77 and Z;, the average light intensity
through each cell; and ¢,, i3, and ¢,,, the leakage currents
across the two cells and to the cell holding vessel. Each
50 s of data was averaged, yielding 4 or 5 points per
high-voltage dwell for subsequent analysis.

Figure 2 shows the raw v signal for a typical run
with the HV dwells included. The analysis extracts the
EDM signal, év(E), by removing the drifts in the raw
data and correlating any frequency shifts with the elec-
tric field reversals. Occasional discontinuities in the év
signal (caused by relaxation of the magnetic fields) were
removed, reducing the total amount of data by < 5%.
An identical analysis was used to extract any signals of
the form 6v(|E|). Such correlations with |E| would be
expected from a frequency shift which is quadratic in the
applied E field. A pseudo-EDM signal, év(0,_), was
also sought by treating the HVO dwell after HV+ as a
pseudo “+” dwell and the HVO after HV— as a pseudo
“—” dwell. Such a signal might be expected, for example,
if the HV surge currents were magnetizing the magnetic
shields.

To mimic or cancel a true EDM in our system, any real
or apparent frequency shift must be asymmetric in the
two cells, linear in E, and must survive the experimen-
tal reversals described above. Leakage currents flowing
across the cells have this signature if they produce a mag-
netic field that projects onto B. As the HV is ramped,
surge currents of 2 nA flow across the cells. We exam-
ine the data taken immediately after the HV ramp and
find no evidence that surge currents affect our final EDM
value. Approximately 100 s after the HV is applied, 4,
and iy reach their steady state values of < 2 pA. If this
current were to flow in a complete loop around the cell
the frequency shift of the atomic oscillators would be less
than 0.5 nHz, a negligible value.

Other potential systematic effects include the qua-
dratic Stark shift of the optical absorption line feeding
through to an EDM signal, surge currents magnetizing
the magnetic shields, external magnetic fields correlated
with E, cross talk between different data channels in the
computer, rf broadcasting of the HV supply, deviations
of the light beam or changes in light polarization that
are correlated with E, coupling of changes in the atomic
polarization gradients to magnetic field gradients within
the cells, and the Stark induced multipole interference
that is linear in E [14]. Each of these possible systematic
effects was considered and reduced to a level below the
statistical uncertainty.

Changes in any data channel that are correlated with
é6v(E) could be evidence of a systematic effect. We ana-
lyzed each data channel for the E, |E|, and 04— effects
discussed above and looked for correlations between these
results and the results for §v(E). We found that for the
10 kV runs in data sets 1 and 2, év(E) was correlated
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with Z;(E) and Z(E), but with opposite signs in the
two data sets. We believe these correlations are produced
from phase offsets between the reference to the phase de-
tectors and the light modulation signal. In data set 3,
where these phase shifts were eliminated, we found no
such correlation. For the 10 kV runs in data set 1, there
was a correlation between §v(E) and év(|E|). This cor-
relation is troubling because a resolved signal (30) was
found on év(|E|) for these runs which could feed through
to év(E) through imperfect reversal of the electric field.

Table I shows our results for each data set broken down
into 10 kV and 5 kV subsets. One of the six d(}%°Hg)
subsets (the 10 kV runs in data set 2) showed evidence
of extra scatter with x2 & 1.4. The rest of the d(*%°Hg)
data, a total of 186 runs, showed good statistical be-
havior with an average x2? of 1.04. The errors given for
the data subsets in Table I are either corrected for 2
or derived from the unweighted scatter, whichever pro-
duces the larger error in each case. The combined results
shown in Table I are obtained by computing the weighted
mean of the three data sets, with the 10 kV and the 5
kV results included separately. Because some potential
systematic errors may be common to all three data sets,
we do not assign a systematic error to each set. (We find
that assigning such an error, and weighting the sets ac-
cordingly, changes the combined average by only a small
fraction of the final error.) In the correlation analysis de-
scribed above the only significant correction occurs with
the correlation between §v(E) and év(|E|) in the 10 kV
runs of data set 1. The possible shift in final central
value is found to be 2.3 x 10722ecm, and is subject to
the same statistical error, 3.8 x 10~28e cm, as the central
value itself. Combining the shift and associated statis-
tical error in quadrature yields a systematic uncertainty
of 4.4 x 10~28e cm, which we believe to be a conservative
estimate of the possible effect that this correlation may
have on the final result. No corrections to the central
value are made. We find

d(**°Hg) = —(2.7+ 3.8 £ 4.4) x 107 ®ecm, (3)

TABLE 1. Results for each data set and combined results
with 5 and 10 kV/cm results included separately. The év(E)
results are presented in terms of d(*°°*Hg) as defined in Eq. (2),
and are in units of 107?®ecm. For convenience, the 6v(|E|)
and 6v(0,_) effects are also in units of 10728 cm.

Set HV d(**°Hg) E| 0.

1T 10kV 7.4 £107 536 =+ 191 19 £ 96
5KV —20.1 +17.3 426 +203 252 +203

2 10kV -109 + 7.4 06 +101 —100 + 59
5KV —55 £ 125 —12.5 + 152 9.3 +11.6

3 10kV 02 + 6.2 —-11.2 + 9.2 —-1.5 £+ 6.3
5kV 4.8 +£11.3 14 +209 —129 +126
Ave. —-2.7 £ 3.8 22 £+ 5.5 -3.1 £ 35
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TABLE II. Upper limits (95% confidence level) on T-violating interactions set by the 199Hg result reported here
(d < 1.3 x 10~ *"ecm), compared with the best current limits from other experiments.

T-violating parameters Ref. Limit from °°Hg Best limit from other work
Hadronic:
Schiff moment (Qs) a Qs < 3x 10 Mefm? Qs < 1x10"%fm? TIF®
inGr(An)(fysn)/v2 a n <2x1078 n <2x107? TIF®
ingGr(dq)(dvsa)/ V2 a ng <5x107° g <4x107° Neutron®
QCD phase (fqcp) a,b,c fqcp < 7 x 107 fqcp < 4 x 1071° Neutron®
Supersymmetry (egUSY) b eEUSY <1x1072 e?USY <1x1072 Neutron®
Semileptonic:
iCrGr(Aysown)(ec e)/V2 a,d Cr <2x1078 Cr <5x1077 TIF®
iCsGr(fin)(evse)/v/2 a Cs <1x107° Cs <2x107° TIE
Leptonic:
Electron (d.) a de < 9x107%ecm de < 1x10%ecm TI®

@Reference [8], and references therein.
PReference [9].
°The mean of several estimates is quoted here.

°Reference [7].
fReference [2], where d,, < 1 x 10™%%e cm.
&Reference [5).

dReference [15].

where the first error is statistical and the second system-
atic. This result can be used to set an upper limit on the
possible size of the EDM of 199Hg

d(**°Hg) < 1.3 x 107%"ecm (95% confidence),  (4)

where the limit is |d(!°Hg)| + 1.7 with o given by the
quadrature sum of the two errors shown in Eq. (3).

Table II shows the limits on various T-violating in-
teractions set by our 9°Hg result, and for comparison
includes limits set by other experiments as well. An
atomic or molecular EDM could arise from an EDM dis-
tribution in the nucleus, from a T-violating force between
electrons and nucleons, or from an intrinsic EDM of the
electron itself, corresponding, respectively, to hadronic
(quark-quark), semileptonic (electron-quark), or purely
leptonic interactions as the chief source of T violation.

199Hg is sensitive to hadronic interactions through
its nuclear Schiff moment, Qg, which measures the de-
tectable, unshielded part of a nuclear EDM. A finite
Schiff moment would reveal the presence of T-violating
interactions between individual nucleons, and ultimately
between the quarks in the nucleus. The table shows the
limit on the Schiff moment and the derived limit on 7, the
T-violating nucleon interaction coefficient. The limit on
71 places important bounds on fundamental sources of T
violation at the quark level, also shown in the table. For
example, T-violating phases occur naturally in supersym-
metric (SUSY) theories. It is expected that €;0°Y ~ 1
if supersymmetry is broken near the electroweak energy
scale [9], whereas e5USY < 1072 according to both the
199Hg and the neutron EDM experiments. 9°Hg is also
sensitive to the semileptonic tensor-pseudotensor cou-
pling between electrons and nucleons, as shown by the
limit on Cp in the table, and somewhat less sensitive
to the semileptonic scalar-pseudoscalar coupling or to an
intrinsic EDM of the electron.
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