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Improved frequency stability of the dual-noble-gas maser
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We report improved frequency stability of the dual-noble-gas maser. This recently developed device can
measure very small changes in the Zeeman transition frequencies of cohabitating ensertfies arfid *He
atoms, and thus may be useful for symmetry tests and precision measurements such as a search for a permanent
electric dipole moment of thé?®*Xe atom. Using the dual-noble-gas maser, we measured the frequency
stability (i.e., the Allan deviationof the 3He Zeeman transition to be approximately 100 nHz in 6000 s of data
acquisition. This Zeeman frequency stability is an order of magnitude improvement over our previous report
[R. E. Stonert al, Phys. Rev. Lett77, 3971(1996]. [S1050-294®@8)07006-1

PACS numbg(s): 32.80.Bx, 32.60ti, 84.40.1k

Precision measurement of the Zeeman splitting in a twobulb.” This two-chamber configuration permits the combi-
state system is important for magnetomdtty?], as well as  nation of physical conditions necessary for a high flux of
for searches for new physics such as a permanent electrépin-polarized noble-gas atoms into the maser bulb, while
dipole moment{EDM) of the neutror{3] or atoms and mol- also maintaining’He and?®Xe maser oscillations with good
ecules[4—7]. Such EDM searches serve as stringent tests drequency stability. In the DNGM, one noble-gas species
time-reversal symmetryT() in elementary particle interac- serves as a precision magnetometer to stabilize the system’s
tions [8]. Currently, two-species differential EDM experi- static magnetic field, while the other species is used as a
ments are being performed to search for leptdnmolation  sensitive probe for new physics such as an EDM. The
(using 2°°Tl and Na [9], and to search fol violation in  DNGM has an additional important feature: active maser os-
neutrons(using a °*Hg comagnetometgf10]. The advan- cillation permits long coherent measurements of the noble-
tage of differential measurements is that they are insensitivgas Zeeman frequenciésn time scales of a few hoyrsA
to common-mode systematic effects such as uniforncoherent frequency measurement can achieve greater preci-
magnetic-field variation$11]. We previously reported op- sion than the incoherent average of a set of shorter measure-
eration of a dualor two-speciesnoble-gas masdr2], the  ments made during an equivalent period of tifid].
first device to sustain simultaneous active maser oscillations Predicted EDM'’s for'?®Xe and *He arise from hadronic
on distinct transitions in two cohabitating atomic speciesand tensor electron-nuclear interactions containing terms
The dual-noble-gas masé@DNGM) allows sensitive differ- proportional toZ? and higher order irZ [8], so that a®He
ential measurements of thiHe and 1?°Xe nuclear spin-1/2 EDM is expected to be much smaller in magnitude than a
Zeeman transition frequencies. Here we report on a signifi*?Xe EDM. Our planned EDM search will entail sequential
cantly improved DNGM frequency stability. We measuredapplications of an electric field parallel, and then antiparallel,
the frequency stabilityi.e., the Allan deviationof the 3He  to a static magnetic field. The electric field's coupling to a
Zeeman transition to be approximately 100 nHz in 6000 s of*?*Xe EDM would produce a maser frequency shift linear in
data acquisition. This Zeeman frequency stability is an orderthe magnitudes and signs of both th&Xe EDM and the
of-magnitude improvement over our previous repfd®]. electric field. The static magnetic field can be feedback sta-
The improved DNGM frequency stability is a result of better bilized by phase locking one species’ maser to a stable fre-
system design and engineerifigetter temperature control, quency standard. The othéfree-running maser will be
mechanical stability, etf.and a technique to compensate for monitored for electric-field-proportional frequency shifts. Ei-
unwanted interactions of th&%e and *He magnetizations ther maser can be phase locked. However, regardless of
by appropriate detuning of the two maser resonators. Wavhich maser is phase locked and which is free running, the
expect that the improved DNGM performance will enable anon-common-mode frequency instability of both masers is
high-sensitivity search for 42°Xe EDM. convolved in the free-running maser data. When fivée

The DNGM contains dense, cohabitating ensembles ofmaser is phase locked, a possibf@Xe EDM—electric-field
3He and ?°Xe atoms. Each ensemble performs an activecoupling would induce a frequency shift in the free-running
maser oscillation on its nuclear spin-1/2 Zeeman transition at?®Xe maser. When thé*°Xe maser is phase locked,'&Xe
its particular Larmor frequency>~4.9 kHz for ®He and EDM-electric field coupling would change the magnetic
~1.8 kHz for *?°Xe in a static magnetic field of 1.5 G. The field required to maintain a constalt®>Xe maser frequency:
maser population inversions for théHe and '?°Xe en- this EDM-induced alteration of the magnetic field would
sembles are created by spin-exchange collisions between teause a proportional frequency shift in the free-runniktg
noble-gas atoms and optically pumped Rb vapbt,13. maser.

The DNGM has two chambers, one acting as the spin ex- A schematic diagram of the current DNGIMDNGM-
change “pump bulb” and the other serving as the “maser97”) is given in Fig. 1. Although the general design and
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deviations for the free-running®He masers in the current and pre-
viously reported dual noble-gas masers. The Allan deviation of the
4933 Hz J earlier system reached a rough “floor” at1—2 uHz for measure-

Va ment intervals of approximately thousands of seconds. The Allan
1791 Hz deviation of the current dual noble-gas maser is substantially

smaller, decreasing te-100 nHz for measurement intervals of
~6000 s. Sensitivity to changes in th&Xe Zeeman frequency is
0.025 Hz given by dividing the free-runningHe maser frequency stability by
AD Converter ~2.7, the ratio of*He and '?®Xe magnetic moments. The right
T ordinate axis shows the one standard deviation sensitivity*t&xe

o permanent electric dipole moment, as a function of measurement
FIG. 1. Schematic diagram of the dual noble-gas maser used tQora| 7, that would result from(i) a free-running®He maser

make the measurements reported here. Electric-field plates were npLqency measurement with the Allan deviation given on the left
installed in the experiments reported in this paper. ordinate axis; andii) the alternate application of electric fields of
+5 kV/cm and -5 kV/cm across the maser bulb, alternating the
operation of this device are similar to the earlier system defield direction everyr seconds(This is a simplistic sensitivity es-
scribed in Ref[12] (“DNGM-96" ), the current realization timate, and ignores potential difficulties associated with electric
features several improvements that have enhanced its opefglds, etc)
tion as a stable oscillator. These improvements incl(igle
better temperature control of the pump and maser bulbs, arftlequency stability floor was caused by persistent near-
of the resonant tank circuithe “maser resonator’used to  equilibrium oscillations in the®He maser's amplitude and
increase the effective atom-field coupling and to detect thdrequency due to random system perturbations in DNGM-96
maser signals(ii) better mechanical stability and electronic (temperature variations, mechanical vibrations,)etSuch
shielding of signal extraction componentii) active feed- perturbations have been greatly reduced or eliminated in
back control of the current and temperature of the laser diodBNGM-97. Thus Fig. 2 shows that the free-runnirigle
array[15] used in the optical pumping process, thereby leadmaser’'s Allan deviation for DNGM-97 decreases out to
ing to improved stability of the Rb magnetization in the ~100 nHz for measurement intervals of 6000 s. This fre-
pump cell; and(iv) installation of a newly designed maser quency stability is an order of magnitude better than that of
resonator which provides for improved atom-field coupling. DNGM-96. For7= 6000 s, the DNGM-97He maser’s Al-
Figure 2 provides a comparison of current DNGM fre- lan deviation begins to increase. Additional diagnostic mea-
guency stability to our previously reported DNGM measure-surements indicate this long-time Allan deviation increase
ments. Specifically, Fig. 2 displays sample measured Allamesults from a slow, monotonic drift of the free-runnifige
deviations for the free-runningHe masers in DNGM-96 and maser frequency. We are currently investigating long-time
DNGM-97, shown as functions of the measurement intervamaser frequency drift mechanisms.
(or averaging timer. The Allan deviation is the rms spread ~ DNGM sensitivity to changes in thé*®Xe Zeeman fre-
in the set of differences between pairs of successive freguency is given by dividing the measured free-runnitig
quency measurements, and is a commonly used statisticalaser frequency stability by 2.7, the ratio of the’He and
tool for characterizing frequency stabiliy{16]. For  12°Xe magnetic moments. Therefore, in terms of the Allan
DNGM-96 the free-runningHe maser’s Allan deviation ini- deviation, DNGM-97 measures the Zeeman transition fre-
tially varied as~7 %2 as is expected for a coherent fre- quency of ?%Xe relative to that of°He with a precision of
guency measurement with the dominant noise source beirgpproximately 36 nHz in 6000 s of data acquisition. The
added thermal white phase noise from the maser resonatosggnificantly improved DNGM frequency stability reported
and signal detection electronigs4,16. However, forr circa here should allow a high-sensitivit#e EDM search to be
thousands of seconds, tele maser’s Allan deviation hit a performed in the near future. Shown on the right ordinate
rough “floor” of ~1-2 uHz. As discussed in Ref12], this  axis of Fig. 2 is the estimated®®Xe EDM measurement
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sensitivity, as a function of measurement intervalthat mately 36 nHz for 6000 s of data acquisiton, with a
would result from(i) the free-running®He maser frequency corresponding potentid?®Xe EDM measurement sensitivity
stability given on Fig. 2's left ordinate axis; ard) the  of 5.7x 10 ’e cm for each 6000 s. If this performance can
alternate application of electric fields ef5 and —5 kV/cm  be maintained over several months, then the current DNGM
across the DNGM's maser bulb, alternating the field direcwould provide a!?®xe EDM measurement sensitivity of
tion everyr seconds. Thus 4*Xe Zeeman frequency sen- 1 6x10~2% cm in 100 days of data acquisition. The Zee-
sitivity of 36 nHz in 6000_§7W0U|d correspond t0°&°Xe  man frequency stability of the current DNGIDNGM-97) is
EDM sensitivity of 5.7<10 “'e cm at the one standard de- g order of magnitude better than that of our previous
viation level. Assuming one could make thirteen measurepNGM system (DNGM-96) [12]. This improved DNGM
ments per day at this sensitivity, one would have an integaq,ency stability is a result of improved system design and
grated*?®Xe Zeeman frequency sensitivity of about 940 pHZengineering We plan to employ the DNGM in a high-
in 100 days of data acquisition, with a correspondifgke sensitivity search for an EDM of th&%Xe atom as a test of

e . 728 _
Er?y[esiinssli\gza?it/é.EZ:nldOi n?)rgg (?tfezﬁzzlr s(’ieiéfiiﬂﬁihesarr]e'laaste ime reversal symmetry in elementary particle interactions.
P . g b e also plan to continue our investigations of DNGM per-

to the application of large electric fields, etc. Note, howeverformance, with a goal of further improvements in DNGM

tnhoatflevyeag?r\w/:sé?cceeﬁ]ltslysimglreg tsﬁlg:écge??ﬁtg?\lg?vlﬁ;tofrequency stability and hence greater utility as a tool for
9 © symmetry tests and precision measurements.

In conclusion, we have significantly improved the fre-
guency stability of the dual-noble-gas maser. This device can
measure very small changes in the difference between the We acknowledge the support of a NIST Precision Mea-
Zeeman transition frequencies of cohabitating ensembles @urement Grant and the Smithsonian Scholarly Studies Pro-
12%e and *He atoms. Measurements reported here demongram (Harvard-Smithsonian grolpwe also acknowledge
strate a'?®Xe Zeeman frequency stabiliy.e., Allan devia- the support of the NSF and the University of Michigan
tion), relative to the®He Zeeman frequency, of approxi- (Michigan group.

[1] A. Abragham Principles of Magnetic Resonan®xford Uni- [11] T. E. Chupp, E. R. Oteiza, J. M. Richardson, and T. R. White,

versity Press, Oxford, 1961p. 91. Phys. Rev. A38, 3998(1988.
[2] W. Farr and E. Otten, Appl. Phy8, 367 (1974. [12] R. E. Stoner, M. A. Rosenberry, J. T. Wright, T. E. Chupp, E.
[3] K. F. Smithet al, Phys. Lett. B234, 191 (1990. R. Oteiza, and R. L. Walsworth, Phys. Rev. Lét#, 3971
[4] S. A. Murthy, D. Krause, Z. Li, and L. R. Hunter, Phys. Rev. (1996.

[13] G. D. Cates, R. J. Fitzgerald, A. S. Barton, P. Bogorad, M.
Gatzke, N. R. Newbury, and B. Saam, Phys. Rev5A4631
(1992.

. . [14] T. E. Chupp, R. J. Hoare, R. L. Walsworth, and Bo Wu, Phys.

[6] J. P. Jacobs, W. M. Klipstein, S. K. Lamoureaux, B. R. Rev. Lett.72, 2363(1994).

Heckel, and E. N. Fortson, Phys. Rev. L&, 3782(1993;J.  [15] we used fiber-coupled laser diode arra@ptopower, Ing.
P. Jacobs, W. M. Klipstein, S. K. Lamoureaux, B. R. Heckel, They provide broadband< 2 nm), high-power(15 W) light at

Lett. 63, 965(1989.
[5] D. Cho, K. Sangster, and E. A. Hinds, Phys. Rev. L68,
2559(1989.

and E. N. Fortson, Phys. Rev. 32, 3521(1995. 795 nm while operating at room temperature in a small, robust,
[7]E. D. Commins, S. B. Ross, D. DeMille, and B. C. Regan,  |ow-cost package. We have also used these arrays in polarized
Phys. Rev. A50, 2960(1994. 12%¢e and®He magnetic resonance imaging and polariZee
[8] S. M. Barr, Int. J. Mod. Phys. 8, 209(1993; L. R. Hunter, nuclear targets.
Science252, 73 (1991)). [16] D. W. Allan, Proc. IEEE54, 221 (1966); J. Vanier and C.
[9] D. DeMille (private communication Audoin, The Quantum Physics of Atomic Frequency Standards

[10] S. Lamoureaux and N. Ramsé@yrivate communication (Hilger, Bristol, 1989, pp. 239-246.



