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Atomic Electric Dipole Moment Measurement Using Spin Exchange
Pumped Masers of 129Xe and 3He

M. A. Rosenberry* and T. E. Chupp
University of Michigan, Ann Arbor, Michigan 48109

(Received 1 August 2000)

We have measured the T -odd permanent electric dipole moment of 129Xe with spin exchange pumped
masers and a 3He comagnetometer. The comagnetometer provides a direct measure of several systematic
effects that may limit electric dipole moment sensitivity, and we have directly measured the effects of
changes in leakage current that result when the applied electric field is changed. Our result, d�129Xe� �
0.7 6 3.3�stat� 6 0.1�syst� 3 10227e cm, is a fourfold improvement in sensitivity.
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The experimental study of CP and time reversal (T )
invariance violation is over 40 years old. Remarkably, CP
violation remains one of the most important open issues
in elementary particle physics. The standard model allows
CP violation via complex flavor mixing amplitudes of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix and via
uQCD, the vacuum expectation value of the gluon field.
However, the standard model cannot account for CP viola-
tion in the manner necessary for cosmological generation
of the observed baryon asymmetry at the electroweak
scale [1]. Many extensions of the standard model that
predict CP violating observables for which the contribu-
tion of the CKM phase is small are compatible with the
observed baryon asymmetry. Accelerator measurements
continue to probe the parameters of CP violation in flavor
changing K decays and B decays, however, for flavor
nonchanging interactions, the best probe of CP or T
violation is measurement of the permanent electric dipole
moment (EDM) of an atom or the neutron.

An atomic EDM is a separation of charge along the total
angular momentum �J of the atom, i.e., d � gdJ. Because
gd changes sign under P and T , an EDM would arise from
polarization of the atom by elementary particle interactions
that violate T and, assuming CPT invariance, CP. For
diamagnetic atoms, such as 129Xe, an EDM would most
likely arise due to CP violating interactions among the
hadrons that induce a Schiff moment of the nucleus [2].
Sensitivity to this Schiff moment increases as Z2 3 due to
the electron momenta, relativistic effects, and the size of
the nucleus. Diamagnetic atoms are also sensitive to CP
violating tensor neutral current interactions between the
electrons and nucleus [3].

To measure an EDM, the energy splitting among the
Zeeman sublevels is measured in the presence of parallel
or antiparallel electric and magnetic fields. For a two state
system, such as 129Xe or 3He, the Zeeman splitting is
h̄v � 2m ? B 1 2d ? E, which changes by 4d ? E when
E is reversed with respect to B, provided that B remains
constant. In practice, B is never perfectly constant, in fact
leakage currents contribute to B and may change when E
is reversed. Therefore, any EDM experiment must also
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measure the magnetic field. In some measurements, the
reported systematic error has been based on direct mea-
surement of the leakage current and assumptions about its
path. A comagnetometer, which measures the magnetic
field in the same volume as the EDM sensitive species,
can directly measure the effects of leakage current. The re-
cently reported neutron EDM measurement used a 199Hg
comagnetometer [4], and other groups are incorporating
comagnetometers into their experiments.

The most precise previously reported measurement of
the 129Xe EDM is d�129Xe� � �0.2 6 1.1� 3 10226e cm
[5], and the most precise reported atomic EDM measure-
ment is d�199Hg� � �4 6 3� 3 10228 [6]. The result from
199Hg has been used to set limits on uQCD and a variety of
phenomenological CP violating couplings among hadrons
that would give rise to the Schiff moment of the nucleus
[7]. The possibility that enhancements of the Schiff mo-
ments of 199Hg and 129Xe are greater than assumed previ-
ously [8] makes EDM experiments with diamagnetic atoms
even more important.

Our approach, based on utilizing two species in the same
volume, follows the work of Oteiza et al., in which free
induction decay (FID) of laser polarized 129Xe and 3He
was used [9]. That result, d�129Xe� � �1.5 6 10.1� 3

10226e cm was limited by drifts associated with the chang-
ing magnetization during the FID [10]. In the current ex-
periment, the stable oscillations of spin exchange pumped
masers [11,12] of 3He (Z � 2) and 129Xe (Z � 54) greatly
reduce the changes of magnetization so that the two masers
act as nearly independent oscillators.

The apparatus is shown in Fig. 1. Many features and
principles of operation are described in [11,12]. The cen-
tral component is a bottle containing the 129Xe and 3He
that is separated into a spherical pump cell and a cylindri-
cal maser cell connected by a “transfer tube.” The cell is
made of borosilicate glass (Corning 7056 and 7052) with
molybdenum electrode end plates on the maser cell. The
end plates are attached with epoxy (Epo-Tek #353ND).
The pump cell OD is 1.9 cm, the transfer tube 4 cm long
with 0.4 cm ID, and the maser cell is 2 cm long with
1.27 cm ID. The glass portions of the cell are cleaned and
© 2000 The American Physical Society
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FIG. 1. Schematic of the EDM apparatus and magnetic field
control. The 3He maser oscillation is monitored with a circuit
similar to the 129Xe maser. The inset shows the Bloch vector
M and the three torques that balance to sustain stable maser
oscillations in the rotating frame.

coated with octadecyltrichlorosilane �CH3�CH2�17SiCl3�
[10,13,14], which reduces the 129Xe spin relaxation rate
due to wall interactions. The cells are evacuated on a UHV
system and baked out for several days to a base pressure
below 1028 torr. Several milligrams of rubidium are dis-
tilled into the cells, and xenon gas (90% 129Xe enrichment)
is frozen into a cell held at 77 ±K before N2 and 3He are
added. The cell is then sealed with a torch. A typical
sealed cell has the following partial pressures at room tem-
perature: 110 torr xenon, 1115 torr 3He, and 80 torr N2.

Both 129Xe and 3He are polarized by spin exchange with
laser polarized rubidium in the pump cell. At 120 ±C, the
saturated vapor density of rubidium is 2 3 1013 cm23,
providing sufficient spin exchange rates for both maser
species. Temperatures in the pump and maser cells are con-
trolled at 120 ±C and 40 ±C to 10 mK or better (peak to
peak). A free– running 30W fiber coupled laser diode
array (Coherent model FAP-I) is tuned to 794.7 nm, the
rubidium D1 resonance. Free– running laser diode arrays
are relatively well suited to this application [15]. The
estimated rubidium polarization in the pump cell is 68%.
The estimated maser cell polarizations are 23% and 0.8%,
respectively, for 129Xe and 3He. An end-corrected, double-
wound solenoid produces the 3.15 G magnetic field. The
entire assembly and the magnet are surrounded by three
layers of passive m–metal magnetic shielding with axial
and transverse shielding factors of 1740 and 140 000,
respectively.

The spins in the pump cell and maser cell are diffusively
coupled by the transfer tube. In the maser cell the precess-
ing ensemble of spins of each species can be represented by
a Bloch vector M [11], with spins joining and leaving the
ensemble through the transfer tube and through relaxation.
The current induced in the pickup coils produces a torque
that changes the Bloch vector and affects the induced cur-
rent, providing gain. A Bloch vector of fixed magnitude
and projection along the z axis, i.e., steady state oscilla-
tion, is sustained above threshold due to the equilibrium
of three torques: spin diffusion from the pump cell, co-
herence relaxation, and radiation damping, which depends
on M. These are indicated in Fig. 1, inset. The threshold
condition for steady state maser operation requires that the
coherence time for the freely precessing ensemble (T�

2 ) be
greater than the radiation damping time (tRD) [11]. Ra-
diation damping requires sufficient polarization and good
coupling to the pickup coil circuit. T�

2 is limited by the
gradients of the magnetic field, wall relaxation, and spin
diffusion out of the maser cell. Magnetic field gradients
are controlled by variable end corrections on the solenoid
and a set of coils designed to adjust gradients of the z
components of B [10]. The electric field is produced by
biasing the two electrodes of the cell with opposite volt-
ages provided by two computer controlled power supplies
(Glassman MJ30). A pair of high–voltage relays is used to
reverse the connections, and power supply noise is low-
pass filtered.

The pickup coil signals (10 and 2 mV for 129Xe and 3He,
respectively) are amplified and then beat against reference
clocks set about 25 mHz below each maser frequency. The
phases of the beats are measured by two-phase lock-in am-
plifiers. The 129Xe maser is phase locked to a separate
reference oscillator by a PI control loop that corrects the
solenoid current. Any change in the 129Xe frequency, in-
cluding that due to d ? E, will lead to a change of the sole-
noid current and a change of the 3He frequency 2.8 times
greater than the 129Xe frequency change.

Data are acquired in 1000 or 2000 sec scans with con-
stant electric field E � 0 or 63.6 kV�cm. Between scans,
the electric field is changed, a process that takes sev-
eral minutes. Most data were taken using the sequence
(. . . 1 2 1 2 0 2 1 2 1 0 1 2 1 2 . . .), though sev-
eral runs had a different proportion of E � 0 scans. Each
set of 20 to 72 scans is a “run” and a separate EDM mea-
surement. The magnetic field orientation was also reversed
every 30–40 runs. This required retuning the magnetic
field gradients and restarting the masers. Therefore each
magnetic field reversal provides significantly different
running conditions. All the data were taken with a single
cell, and the orientation of the cell with respect to the
room was not changed, though the cell orientation with
respect to B did flip when the magnetic field was reversed.

We monitor a number of system parameters that might
affect the maser frequencies. These include the tempera-
ture of the pump chamber, maser chamber, and tuning ca-
pacitors, the laser power, and leakage current. The helium
beat frequency for each scan (with E fixed) is determined
from a fit of the phase to a function linear in time and the
two maser amplitudes. (The two species are magnetically
coupled through their respective magnetizations, and
changes in the maser amplitudes produce phase shifts
of the two species [10,12].) Corrections to the 3He beat
frequency are based on linear correlations with measured
23
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parameters. We used three different criteria for removing
correlations based on F-test probability greater than 70%,
90%, or 98%. The data show negligible dependence on
the criterion, and we use 90% for the final result. Though
the magnetic field is controlled by feedback of the 129Xe
frequency, the control loop is not perfect, and small varia-
tions of the 129Xe frequency are compensated by cor-
recting the 3He beat frequency for each scan. Then the
series of frequencies in each run was corrected for slow
drifts, up to third order in time, and for correlations with
any of the following parameters: the temperature of the
tuning capacitors that set the pickup coil resonant fre-
quencies, room temperature, maser and pump cell tempera-
tures, and laser intensity. Each of these parameters was
determined to be uncorrelated with E. Tuning capacitor
temperature, which affects the maser coil circuit resonance
frequencies leading to cavity pulling [16], was generally
the only correction. The corrected 3He frequency data
for a single run are shown as a function of E in Fig. 2.
The solid and dashed lines indicate the best fit dependence
on E and E2, respectively, for the run. Note that the
spread of 3He frequencies is less when E � 0, indicating
that the high voltage induces noise in the pickup coils,
probably through corona discharge and residual power
supply noise. The EDM for a run is extracted assum-
ing each string of four consecutive scans is correlated so
that vi1n 2 vi � 2d

h̄ �Ei1n 2 Ei� 1 nD 1 n2D2, where
n � 1, 2, 3 and i � 1 . . . N 2 3 for N scans in the run, vi

is the corrected 3He frequency for each scan, d is the EDM
value for the run, and Ei is the electric field for each scan
[6,14]. The statistical error for each run is determined
from the variance for the run. The dependence of the 3He
maser frequency on E2 is also extracted for each run.

A variety of systematic effects were considered and
separately measured. The most important systematic effect
is the leakage current that generates a magnetic field and
frequency shift that cannot be distinguished from an EDM.
Other changes in the apparatus and electronics correlated
with the change of E could affect the reference oscilla-
tors, the control loops including the magnetic field phase
lock, or the magnetic shields. Effects on the control loops
are a particular concern, because the increased noise in the
maser oscillators with E fi 0 changes the offset (droop) of
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FIG. 2. Corrected 3He beat frequencies for a single run plotted
as a function of E. The solid and dashed lines show the best fit
dependence on E and E2, respectively.
24
the PI loops, which have finite gain at our modulation fre-
quency of 0.05 or 0.1 milliHz. Other effects that depend
on E2 include Stark shifts and the change of diamagnetic
shielding of the nuclear magnetic moment, both of which
are expected to be negligible.

The leakage current, monitored by measuring the change
in ground current of the negative HV supply, varied. The
largest changes, 20 pA, observed when the high voltage
was reversed would produce a false EDM signal of 2 3

10227e cm, assuming flow in a single turn around the maser
cell. The role of the comagnetometer is to account for
this effect. We directly measured the effect of applying a
1 mA current through a single turn of wire wrapped around
the maser cell, confirming that a leakage current shift is
rejected at a level below 10228e cm.

The frequency stability of the signal processing electron-
ics was checked several times during the experiment in
separate runs under normal conditions with maser cell
high voltage but with signals derived from the reference
oscillators substituted for the maser signals. Such effects
were less than 10228e cm. Possible E2 effects, accounted
for by correcting the data with the quadratic coefficient (see
Fig. 2) combined with the high voltage reversal precision
of 0 6 10 V, were less than 10228e cm. It is possible that
the magnetic shields are magnetized by the current from
the high voltage supplies while charging the electrodes of
the maser cell, which has a capacitance of �5 pf. The av-
erage charging current was less than 1 nA, but it flowed
in a loop through the shields (a blunder). Shield magne-
tization would lead to a magnetic field control loop offset
with memory of the change of E before a scan, and would
appear in the E � 0 scans. Analysis of the E � 0 scans
was statistically limited to 8 3 10227e cm; however, such
a charging effect would also appear as a systematic rever-
sal of the EDM signal in the two orientations of B. There
is a 3.8s difference of all data east compared to all data
west, but it is not consistent with a reversal of the EDM
signal.

The EDM measurement consists of 125 runs, each last-
ing between eight hours and several days. Improvements
were made throughout the course of the experiment, and
the later data are generally more precise. In Fig. 3, we
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FIG. 3. EDM results for all data. Each point combines be-
tween one and eight consecutive runs so that each point has
roughly equal statistical precision. Also shown as the heavy
lines are the combined data, and the labels W(24) etc. indicate
the direction of B and the number of runs between each flip of
the magnetic field.
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show the EDM data combined into 40 separate consecu-
tive periods with roughly equal statistical precision. Each
period represents between one and eight individual runs.
The direction of B is indicated. For all data west (dW �
19.8 6 5.7 3 10227e cm) and for all data east (dE �
25.7 6 3.3 3 10227e cm). When the data are further
broken down they appear to fluctuate without a strong sys-
tematic dependence on B. We have further investigated the
data by study of the weighted EDM values. In Fig. 4, we
show d�sd for all runs and histograms for all data and for
each orientation of B. The solid lines indicate normalized
Gaussians with unit variance and best-fit centroids. We
assume that the variations are random fluctuations so that
we may therefore combine all runs in a weighted average,
with the result d�129Xe� � �10.7 6 2.8� 3 10227e cm,
with x2 � 168 for 124 degrees of freedom. Our final re-
sult, d�129Xe� � �10.7 6 3.3� 3 10227e cm, is adjusted
for x2

n � 1.35. A positive d�129Xe� would be parallel to
the nuclear angular momentum vector. The systematic
errors discussed above have combined uncertainty less
than 1 3 10228e cm.

This 129Xe EDM measurement is the most precise such
result to date, and the use of the comagnetometer has pro-
vided a direct measurement of leakage current effects. Our
result is 43 more sensitive than the 129Xe EDM measure-
ment of Vold [5], and only the 199Hg experiment reports
greater sensitivity to an EDM of any species [6]. The
199Hg atomic EDM result is an order of magnitude more
sensitive than our result, and is expected to have even
greater sensitivity to CP violation due to the Z2 depen-
dence of the sensitivity of the atomic EDM to the nuclear
Schiff moment. The nuclear theory of the Schiff moment
is being reevaluated, and the sensitivity of 129Xe and 199Hg
atomic EDMs to CP violation is expected to increase [8].

The potential for an improved measurement is indicated
by the precision of the phase locked 129Xe maser, about
0.5 3 10228e cm for one day of running, reported in
[11,12]. Phase locking corrects for any frequency shifts
that would be measured by the free-running maser, and
represents the ultimate precision of a measurement. The
increased variance of the 3He maser frequency with high
voltage (Fig. 2) indicates that phase locking to the 129Xe
maser may be a major limitation. With separate mag-
netic field stabilization and technical improvements, we
expect at least 1 order of magnitude improvement in
sensitivity to d�129Xe� in a two species, comagnetometer
experiment. Many of the techniques developed for this
experiment are important for experiments with isotopes of
radioactive radon that will be produced in large quantities
at a rare ion accelerator (RIA). EDM measurements with
radon are interesting due to the higher Z, possible laser
based techniques, and the enhancements of the Schiff
moment in octupole deformed isotopes [8,17].
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