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Measurement of the ?Ne Zeeman frequency shift due to Rb?!Ne collisions
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Using a?!Ne-*He Zeeman maser, we compared the frequency shift ofiNe nuclear Zeeman resonance
induced by polarized Rb vapor to the shift induced in the nuclear Zeeman resonance. Pite-Rb shift has
recently been measured with high precis[®éfV. Romalis and G.D. Cates, Phys. Rev58, 3004 (1998],
permitting the conversion of our differential measurement to an absolute value f8iNigeRb shift. We report
a value ofx,;=32.0+2.9 for the Rb?!Ne contact shift enhancement factor at a temperature of approximately
128°C. We also propose high-precision differential contact shift measurements, the absolute accuracy of
which could be limited by the error in théHe contact shift.
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[. INTRODUCTION species’ magnetization, to the shift induced by the classical
magnetization alonex can be much greater than unity,
Polarization of noble gases by spin exchange with opti-growing with increasing of the noble-gas nucley23]. In
cally pumped alkali-metal vapoif4,2] is an important tech- the limit where the formation of alkali-noble-gas van der
nique for a variety of scientific and technological applica-Waals molecules is a negligible part of the spin-exchange
tions. Polarized noble gases have been used for precissteraction(true for the experiment reported in this paper
measurements of the neutron spin structure fung¢@dmeu-  single enhancement factor describes the contact shift of the
tron polarizers and analyzef4]; magnetic resonance imag- noble-gas Zeeman splitting by the alkali atoms, and vice
ing [5—7]; studies of gas diffusion in porous med®; gain  versa[22]. The frequency shift experienced by noble-gas at-
media for Zeeman masef8—12; and tests of fundamental oms in the presence of polarized alkali atoms, including both
symmetrie§ 13-17. the contact shift and the shift due to classical magnetization
Recently, Kostelecky and Lane reported that'e*He  fields, is
differential magnetometer could be used in a precision test of 87
Lorentz and CPTcharge conjugation, parity, and time rever- Swng=(k—1+Tppp) Yng 3 gsuglal(S)/t. 2
sal symmetries[18]. We have proposed to develop a two-

H 21 3
species““Ne-*"He Zeeman maser to carry out such a funda- . .
P y Recall the elementary result that483)M is the magnetic-

mental symmetry tegt19]. . e , . S
The spin-exchange interaction between alkali and noblef—IGId strength inside a magnetized sphere with magnetic di-

gas atoms has been extensively described in the Iiteratunl%OIe mon:jent der}fl}y.?., ngr?gnetlzatlo);M;tt.hetﬂeld IS uni-

[2,20—28. During spin-exchange collisions, there is signifi- '0'M and paraliel 1o the magnetizationippr IS a

cant overlap of the alkali atom’s valence electron wave funcdimensionless factor that accounts for the effect of classical
agnetization fieldq“distant dipole fields” [25]), and is

tion with the noble-gas nucleus which comprises a Ferm[M@ ) T e .
contact interaction of the form unity for a spherical distribution of magnetizatidm] is the

number per unit volume of alkali atoms, angy is the gy-
H.—aK.8 romagnetic ratio of the noble-gas species. For convenience,
int—™ &N - O, (1) . . . .
we define the component of alkali atom magnetization along

where S and K are the electron and nuclear spin angularthe magnetic fieldz) axis,Ma, as

momentum operators, respectively. This interaction leads to M.=gsuglal(S)/h. 3
exchange of angular momentum between the alkali valence

electron and the noble-gas nucleus. During the collision, th&he alkali nuclear magnetic moments do not contribute to
valence electron and nucleus experience a strong magnetiice contact shift, but do weakly affect the distant dipole
field from the close proximity of their spin magnetic mo- fields produced by the alkali magnetization distribution. We
ments. In spite of the small fraction of the time spent inignored these nuclear contributions to the distant dipole
collision, the average magnetic fields experienced by botfields, since they were too small to bear on the results re-
the alkali valence electron and the noble-gas nucleus can horted in this work.

affected if either the alkali or noble-gas species is polarized. In precision measurements it is important to be able to
The resultant change in the Larmor precession frequency fanonitor the absolute polarization of the noble gases. Romalis
either species, referred to as the contact shift, is expressed émd Cateq25] demonstrated accurate polarimetry Hfle
terms of an enhancement facter, which is defined for colo- using the Rb Zeeman frequency shift due to Rt spin
cated spherical distributions of the alkali and noble-gas magexchange collisions, and made a very precise measurement
netizations. For each speciesjs the ratio of the total Lar- of the Rb®He enhancement factor. Future use @Ne in

mor frequency shift, induced both by the contact interactiorprecision measurement applications would benefit from con-
and by the classical magnetic field generated by the othamnct shift polarimetry, but there is to date no published mea-
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Nested Magnetic Shields

surement of the RB*Ne enhancement factor. In this paper,

we present the first such measurement. We measured the net
Larmor frequency shifts, simultaneously impressed by the —
presence of polarized Rb, on ensembles of polaritéel and Bo™> 7 Peencal
2INe precessing in the sameearly spherical glass cell. The

measurement presented in this paper is not the first in which
a ratio of contact shift enhancement factors was determined.

External Resonator

Barangaet al. measured the shifts of the Larmor precession Mccirsgr]gsulct;

frequencies of Rb and K vapors residing in the same cell,
induced simultaneously by the presence of polariZete teseeceasatasacacas
[24]. -
The experiment is described in Sec. Il. Determining the H Maser Reference
ratio of the Rb-induced shifts permitted us to divide out the Fequency
dependence on Rb magnetization, and expres$ike en- Syntheszers T
hancement factok,; in terms of the®He enhancement fac-
tor x3. Using the very accurate measurementkgfby Ro-
malis and Cates, we determined the absolute contact shift
enhancement factot,;. Analysis of the data is presented in
Sec. lll. Suggestions for improved measurements are given
in Sec. IV.

Phase-Sensitive

Current Source AID Converter

Il. APPARATUS, PROCEDURE, SYSTEM PARAMETERS
FIG. 1. Schematic of the two-specié®Ne-*He Zeeman maser.

We employed a two-speciédNe-*He Zeeman maser to The device operates similarly to tH8%e-He masef10,11], ex-
establish simultaneous stable precession ofthe and®He  cept that the?NeHe maser employs a single- rather than a
ensembles in the same sealed glass cell. ?tNe-*He maser  double-bulb cell. Colocated ensembles of noble-gas atoms are po-
is a new device that will be described elsewhere; that delarized by spin-exchange collisions with optically pumped Rb at-
scription is summarized here. Figure 1 is a schematic represms. Precession of polarized atoms excites current in nearby induc-
sentation of the maser. Circularly polarized light resonantive pickup coils, which are part of a circuit tuned with resonances
with the Rb D1 transitior{795 nm was generated by a 30 W near the Larmor precession frequencies of the two noble-gas spe-
laser diode arrayLDA). The light fully illuminated a 1.4- cies. Th_e current induc_e_s magnetic fields which act bgck on the
cm-diam (nearjspherical sealed glass cell containirat precessing atoms, providing feedback for maser oscillation.
room temperatupe228 torr of 2!Ne, 266 torr of*He, 31 torr
of N,, and Rb metal of natural isotopic compositifi6]. magnetic flux associated with the precession of the polarized
The LDA light propagated along the axis of a uniform mag-noble gases. The coils were part of a tuned circuit with reso-
netic field of strength 3 G. The field was generated by anances at both noble-gas precession frequenei®g59 Hz
precision solenoig/-metal-shield system capable of produc- for 3He and 980 Hz forNe. The large current flow induced
ing a 3 Gmagnetic field with<35 xwG/cm magnetic-field in the pickup coils by resonant excitation resulted in mag-
gradients, with no gradient shimming. The solenoid wasetic fields oscillating at the noble-gas nuclear Larmor fre-
driven using a current source capable-e8 ppm stability = quencies being impressed back on the precessing atoms. This
over time scales of order 1000 s. The glass cell was heatddedback resulted in steady-state maser operation for both
both by the LDA light and blown hot air to a temperature of species. The maser amplitudes were not affected by small
approximately 125 °Gsee Sec. I). The temperature of the changes in the LDA output power, which again indicates that
air surrounding the cell was controlled to about 43 mK, asthe volume-averaged Rb electron-spin polarization was very
measured by a three-lead nonmagnetic platinum resistan@dose to unity.
thermometefknown as an RTIR The total output power of 2INe has nuclear spin 3/2, and thus a quadrupole moment.
the LDA was actively controlled to about a part in*10 The quadrupole moments of thiégNe ensemble interacted

The Rb vapor was polarized by optical pumping; the re-coherently with electric-field gradients at the glass cell walls,
sulting Rb electron spin polarization was very close to unity.shifting the four Zeeman energy levels so as to split the three
Even though the 30 W LDA had a very broad-{.5 nm) (otherwise degeneratelipole transitiond28]. The splitting
linewidth, the on-resonant optical power was roughly 0.5 W.(dw) is proportional to 3 cdsh—1, whered is the angle of
Thus, the optical pumping rate wasl0® photon absorptions the cell's cylindrical symmetry axisdefined by the cell's
per second per Rb atofa7]. For the?!Ne, 3He, and N gas  small pull-off stem with the magnetic field. We oriented the
pressures used in the present experiment, the rate of Rb poell as close as possible to the “magic angle” @es\/1/3 to
larization destruction events per Rb atom<id0® s~ 1 [2]. minimize the quadrupole splitting. Remnant quadrupole wall
We thus conclude that the volume-averaged Rb electron spishifts in the cell were not measured; however, computer
polarization was greater than 0.99 during the frequency shifsimulations indicate that without proper cell orientation,
experiment. Pickup coils wound in series were placed irrealistic-sized splittings can disruptNe maser oscillation.
close proximity to the cell. The coils were excited by the Nevertheless, we found it was straightforward to attiNe
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maser oscillation with a steady-state amplitude. We observed 10 -
a small (~10 uHz) sinusoidal modulation of thé'Ne ma-

ser frequency, with a period of about 16 h. We speculate that
the modulation was a consequence of a remnant quadrupole
splitting resulting from cell orientation error. The effect was
small, with a period much longer than the duration of our
frequency shift measurements, and thus was not a source of
significant systematic error.

The ®He and?!Ne maser signals were presented to a low-
noise preamplier. The preamp output was then analyzed us-
ing lock-in amplifiers, which were referenced to a set of
synchronized signal generators tuned near the noble-gas ma-
ser frequencies and locked to a hydrogen-maser-derived 5 -10 —
MHz signal. The phases of both noble-gas maser signals
were recorded digitally at a sample rate of 1 Hz. The analog-
to-digital sampling trigger was also derived from the master
5 MHz reference.

The experiment consisted of observing the maser phases giG. 2. 2Ne maser phase profile from orfef two) measure-
during a series of reversals of the direction of the Rb polarment scans. Phase dependence linear in time has been removed.
ization. We reversed the Rb polarization about every 140 s
by rotation of the quarter-wave plates used for circular po-_ o
larization of the optical pumping lighFig. 1). We typically ~ field due to the Rb magnetizatiom;c;z; and vz are the
achieved Rb polarization reversalssi20 s. The total dura- eference frequencies presented to the lock-in amplifigys;
tion of a set of reversals was about 1000 s, limited by'S the tlme_—averag_e magnetic-field str_en_gth over the time in-
magnetic-field stability as well as the extent to which thetérval; 6B is the time-dependent deviation of the magnetic
noble-gas masers’ steady states were disrupted by the altdield from its mean value; anlfl g, is the Rb magnetization.
nating Rb polarization. We acquired two sets of reversal datd\ote that independent maser frequency measurements deter-
Clear changes in the slopes of the noble-gas maser phagined the ratio of the two gyromagnetic ratiog/ v, to
curves were precisely correlated with reversal of the Rb po@n accuracy much better than 1 ppm. Also, the effects on the
larization direction; these frequency changes were the resuffiaser phases of magnetic fields due to noble-gas magnetiza-
of the contact shift combined with ﬂ"(e'assica] shift due to tion have been .neg_|eCted in Comparison to .the.ContaCt shift
the Rb magnetization distribution. The change of noble-gagdnd Rb magnetization effects; this assumption is reasonable
maser oscillation frequency induced by Rb polarization refor the noble-gas magnetizations and relatively rapid Rb po-
versal was about 44 mHz for tféNe maser and 71 mHz for larization reversals of the present experimesete below.

Ne maser phase (rad)

T T T T T T
0 400 800 1200
time (s)

the 3He maser. Magnetic-field drift occurred over the course of the mea-
surement scan. However, tk&\e and®He masers are colo-
Il DATA AND ANALYSIS cated magnetometers, so that we can construct a data set
Phase data for the second of the two measurement scans
are shown in Figs. 2 and 3. We model th#Ne phasep,;
(see Fig. 2 and the®He phasep; (see Fig. 3 acquired by 20
the lock-in amplifiers as evolving according to the following —
equations: | 10
0]
t 8 od
$21= @210 Y21Bol = 27 Ve 21 Yzlfodt’53(t’) =
2
8 [t g -10 —
+(K21_1+fDDF)721?fodt,MRb(t,); p
T 204
t
3= @30T Y3Bol — 2T Uper 3+ 73fodt'53(t') -30 -
T T T T T T
S [t 0 400 800 1200
+ (k3= 1+ fppp) Ya?J dt'Mgu(t’), 4 time (s)
0

FIG. 3. 3He maser phase profile measured simultaneously with
wherey,; (v3) is the gyromagnetic ratio of'Ne (*He); k»1  the data of Fig. 2. Phase dependences linear in time have been
(x3) is the enhancement factor ffNe (*He); fppr is the  removed. Note the considerable distortion in this phase curve due to
dimensionless factor to account for the classical magnetimagnetic-field drift.

032704-3



R. E. STONER AND R. L. WALSWORTH PHYSICAL REVIEW A6, 032704 (2002

80 mine the Rb density self-consistent{fhe contact shifts also
have a weak temperature dependef@& which must be
taken into account.

We analyzed the data in two ways, which yielded essen-
tially identical results. First, we computed the average
changes in slope of the phase curggs andA ¢ caused by
the reversals of the Rb magnetization. That is, we used a
least-squares linear fitting routine to extract the slope of each

[o2]
o
]

A
o
|

N
o
|

20 — piecewise linear region of the phase curves. We then re-
corded the differences in slope of adjacent regions for each
-40 — of the phase curves, and computed mean absolute values of

the slope differences for each data set definedlag and
AM for the p,; andA ¢ profiles, respectively. We estimated
-80 - i | i | i | uncertajnties fron'1 the standard deviation of the mean in the
o 400 800 1200 slope dlffer_ences abso_lute values.
time (s) We define the .ratlo of mean slope changes 7Rs
=M,,/AM. The weighted average value f& from the two
FIG. 4. The combined phaske of the two masers as per Eq. data sets wa® =0.1262+0.0025, where a One'Sigma uncer-
(5) for the measurements of Figs. 2 and 3. This profile is proporiainty is reported. The uncertainty was almost entirely due to
tional to the phase variation induced by the Rb—noble-gas conta¢hat inM,;. The fractional uncertainty iAM for both of the
shift alone. The sawtooth shape arises from periodic reversal of thdata sets was<0.1%, which indicates that Rb polarization
Rb polarization, which reverses the Rb-—noble-gas contact frereversal was achieved to high precision and that the Rb mag-
quency shift. The highly regular shape of the difference curve renetization was stable to better than 0.1% over the course of
flects the fact that magnetic-field drift effects are subtracted out. the measurements. The fractional uncertaintyMp, was

much larger,~2%, because of magnetic-field drift. In prin-
from which the effects of magnetic-field drift and Rb distant ciple, we could have analyzed tig profile rather thanp,, ,

Combined maser phase (rad)
o
1

-60 —

dipole fields have been removed. We define but magnetic-field drift effects were/z/y,,=9.65 times
larger for o5 thane,,, making it impractical to extract slope
73 (5)  data fromes directly (see Fig. 3.

Ap=@3— —@s. ; o )
TP, We found it wasnot necessary to account for variations in

. _ maser frequency due to changes in noble-gas longitudinal
It is easily shown that polarization. The magnetization of the noble gases created
magnetic fields which varied in time during the course of

Ao= 0n — ol B _ ¢ each of the two measurement scans, as evidencesngl)
P P30 Pa1p™ £\ Vref21™ Viel;3 maser amplitude changes observed during the scans. A given
8 maser’'s magnetization field could not affect its own fre-
(1 [ tization fields were parallel to the mag-
4 (eae ST At Man(t). 6 quency, since magne _ p g
(K3~ K20 Y373 fo rol ) ©® netization in the near-spherical cell. However, each maser’s

frequency was shifted by the other’s magnetization, and such

Aside from a trivial phase offset and known linear phaseshifts did not subtract out oh¢ as did external magnetic-
evolution, A¢ reflects the action of the Rb contact shifts field drift. The noble-gas longitudinal polarizations under-
only: phase evolution due to magnetic fields is subtracted offwent both slow drift and periodic variations, the latter caused
This combined phase profile is plotted in Fig. 4. As seen ifdy the Rb polarization reversals. However, the small uncer-
this figure, the phase evolution due to the contact shift was &inty in the A¢ slope differences shows that frequency
piecewise-linear “sawtooth” profile, which is just the time variations due to slow drift in the noble-gas magnetizations
integral of the square-wave modulation of the maser frequerhad a negligible effect. We also determined that variations of
cies induced by the Rb polarization reversals. Since our medhe noble-gas longitudinal polarizations caused by the peri-
surement is derived from computing the differences in slopesdic Rb polarization reversal had a negligible effect on the
between adjacent linear regions of the phase curve, removabntact shift measurement. Employing a Bloch equation
of constant and linear dependence from the phase data hatbdel of Zeeman maser dynami®], we found that peri-
no effect on the result. Thus, our plots of the phase datadic reversali.e., square-wave modulatipof the Rb polar-
shown in Figs. 2, 3, and 4 are displayed with a mean valuézation induced a symmetric sawtooth-wafie., integrated
and mean slope of zero. square-wavemodulation on the noble-gas longitudinal po-

If the Rb magnetization were known, one could immedi-larizations with peak-to-peak amplitude given approximately
ately deducex,, using Eq.(6) and the value ok; from [25]. by vy, Where vy, is the Rb—noble-gas spin exchange rate
Even though the Rb electron spin polarization was very closg@er noble-gas atom, provided that two conditions were satis-
to unity, the Rb density was not knovenpriori. It was there-  fied for 7, the time between Rb polarization reversals. These
fore necessary to consider the ratio of contact shifts imiwo conditions werer<(yt+1/T;) ! and 7<V7¢/2vso
pressed on the,; and theA ¢ phase curves, and then deter- where T, is the relaxation time for noble-gas longitudinal
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polarization andry is the noble-gas ensemble radiation 15 —
damping time. The two conditions, which ensured that the

masers were always in the regime of perturbative linear dy- 10 —
namics, were easily met in the present experiment, where
~140 S, y,~3.2x10 % s for *He and 1.% 10 ° s~ for

2INe (assuming[Rb]~2.7x10" cm 3 at a temperature
~125°C), T;~20000 s for®He and 9000 s fo'Ne, and
q~20 s for 3He and 500 s for?Ne. The sawtooth-
modulated noble-gas polarizations induced changes in the
maser frequencies of approximately 2.8 mHz for tfée
maser and 0.7 mHz for th&'Ne maser over a typical time
interval =140 s between Rb polarization reversals. How-
ever, to the degree thatwas constant during a measurement
run, theaveragemaser frequency shifts did not change from T I y I r I

one interval to the next; thus the shifts subtracted out in the 0 400 800 1200

calculation of the interval-to-interval frequency chandes time (s)

and AM with better than 5% accuracy. We conclude that

noble-gas polarization-induced magnetic fields had an insig- FIG. 5. Magnetic-field drift during the measurements of Figs. 2

-5 —

Magnetic field (microgauss)
o
1

4
o0
]

nificant systematic effect on the determination7of and 3, computed from E@9). The nominal field strength was 3 G,
It is easy to show from Eq€4) and (6) that the ratioR so that the fractional RMS stability of the magnetic field was about
can be interpreted as 3 ppm. Field drift was the dominant source of experimental error.
v21 K21t (fppr— 1) tion using both linear least-squares fitting and simple projec-
Tz Kkz—ky | ™ tion of @51 ONto the vectors of the partial basis, with identical

results. We varied the number of elements in the basis set,

where it is seen that the dependence on the Rb magnetizatitwut the coefficients obtained from the least-squares fit re-
divided out. We can then use the value and estimated uncemained the same regardless of the size of the basis set.
tainty for R to compute the desired'Ne contact shift en- Using this second data analysis method, we determined
hancement factok,; at a specified noble-gas/Rb vapor tem-two values forR, one from each data set. It was not possible
perature, once we account for the effect of classicato estimate uncertainties for the individual valuesfrom
magnetization fields created by the Rb vapor. the vector analysis method. Uncertainty estimates from the

We now consider the second method of analyzing the datkeast-squares fit were unrealistically small because the vector
to obtain a value fofR and hencec,,, which yielded essen- analysis could not account for the effect of a nonzero projec-
tially the same results as the above approach. While thiton of the magnetic-field drifts along the Rb magnetization-
second method is slightly more complex, it is useful becausénduced phase profile vectors. Therefore, we take the value
it provides a framework for estimating the size of magnetic-of R to be the mean of the results for the two data sets, and
field drift in the present measurement. In the second methodye coarsely estimate the uncertaintyfas the deviation of
we consider the phase data sets toNseomponent vectors the two values, to obtairR=0.1287-0.0036. This result
(denoted by a tilde whereN= number of data in the set agrees well with that of the first method of data analysis. For
(~10® for each of the two scaisWe use the\p profile as  computing x,; below we will use the result from the first
a model of the shape of the Rb magnetization-induced phaggethod of analysis since the error estimate is probably more

he th ; liable.
[see Eq(6)]. We then seek to describe tige, profile vector  ® L . .
as a linear combination of elements of a partial basis of or- e can compute the magnetic-field drift profile by sub-

thonormal vectors. The partial basis includes an element coiracting frgmlézl its projection on the Rb magnetization ba-
responding to thegnormalized A profile (=V,). Addi-  sis profileVy:

tional orthogonal basis vecto{?i}i:mb_l are derived from 1 d
— [ @21~ (¢21- Vo) Vo] 9
Y21 dt

Ap and Legendre ponnomiaI$Pi}i=obe,l using Gram- B
Schmidt orthogonalizatiof80]. The number of basis vectors

N, was typically of order 10, whereas the dimension of thenote that the profil&B is the magnetic field driforthogonal
vector spacél was of order 18, soN,<N, and we find to V,. The drift profile from the second data set is plotted in

Np—1 Fig. 5; the time derivative of th&discretely sampledprofile
;21: E aV . (8) was estimated by finite difference. Note that the field was
= stable to about-3 ppm RMS.

Having obtained a value fdR, we can then solve Eq7)
The coefficient ofV/,, in this linear combinationay, is pro-  for «,; in terms of measured parameters, sirgds known
portional to the value foiR obtained from a particular data [25]. However, k,; is expected to be weakly temperature-
set. We determined the coefficiertsof the linear combina- dependenf{23,25 and so the temperature at which the ex-
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periment was carried out must be reported along with theand the elevated temperature of the gas, we correct the tem-
value of k,;. The Rb and noble-gas temperature was noperature given by the iterative method from (124.8
reliably represented by the blown hot air temperature be=1.9) °C to (128 3) °C.

cause the cell was also heated by the LDA. Thus, it was Using the resultR=0.1262+0.0025 from the slope dif-
necessary to deduce the temperature of the noble gas and Ritence analysis, takindppe=1 (see the justification be-
vapor from the contact shift data and the knowiHe en-  low), and including the effect of the above small temperature
hancement factofwith its known temperature dependejce correction, we determine the contact shift enhancement fac-
We begin by noting that the mean slope chaddd is re-  tor for Rb and®'Ne to bek,;=32.0+ 2.9 at a temperature of
lated to the enhancement factors and the Rb magnetizatiqii28+3) °C. We are not aware of a previous measurement
via of the Rb?!Ne contact shift. Walker estimated the Ripe
enhancement factor to be 38 at a similar temperature, and the
ratio of the Rb?!Ne and Rb*He enhancement factors to be
4.3[23]. We report this ratio to be 5:60.5.

The 3% uncertainty iR dominates other sources of er-
where|Mgy(T)| [see Eq(3) abovq is a known function of ror, inducing a 9% uncertainty ir,;. The 1.5% uncertainty
temperature. The Rb number density in'chiRb] is related  in the 3He enhancement factat; contributed to a 0.8%
to the temperature in kelvin of the coldest part of the cell byuncertainty ink,;. The uncertainty in temperature induced a
[29] 0.5% uncertainty inc,;. To the extent that the cell could be
described as an ellipsoid of revolution, then departure from a
spherical Rb magnetization distribution induced an uncer-
tainty of 0.15% ink,; with zero systematic correctiofiThe
glass cell’s “pull-off” volume was very small~ 10 mn?,

The measured temperature dependence of He enhance- and so contributed negligibly to the Rb magnetization distri-

8
AM=2y;— 3 (k3= K2)MRp(T)|, (10

10P-318- (4040T)

[Rb]= (1.38<10 )T

(11)

ment factor ig25] bution)
The claim of zero systematic correction of the classical
Kk3=4.52+0.00934, (120  magnetization field shift for an ellipsoidal cell is justified by

noting that(i) the classical magnetization field inside an el-

whereT refers to the gas temperature in degrees centigradipsoid of uniform magnetization is uniform, with its magni-
(determined by careful cell temperature measurements itude depending on the ellipsoid’'s dimensions and the relative
[25]). Substituting Egs(11) and(3) into Eq.(10) and equat- orientation of the ellipsoid major axis and the magnetization
ing all temperatures yields an equation relating and tem-  vector; and(ii) when the ellipsoid major axis is oriented at
perature(and known/measured paramejeSubstituting Eq.  the magic angled,,=cos *(1/y/3) with respect to the mag-
(12) into Eq. (7) yields another equation relating,; and  netization direction, the component of the classical magneti-
temperature. This system of tw@onlineay equations and zation field parallel to the magnetization is exactly that of a
two unknowns can be solved to yield the temperature andpherical distribution with the same magnetization, regard-
k1. The temperature determination depends strongly on thiess of the ellipsoid’s dimensions. We oriented the cell,at
enhancement factor, while the enhancement factor determin order to suppres$Ne quadrupole wall shifts, with an
nation depends only weakly on the temperat@véa the  uncertainty of about 10°. The 10° uncertainty in orientation
known temperature dependence ©f). Thus, an iterative |eads to the estimated uncertainty of 0.15%x«in due to the
method to compute the temperature rapidly converges: ameasured asphericality of the cell.
initial guess for the temperature enables calculatiorgf
which in turn permits calculation of the Rb magnetization V. SUGGESTIONS FOR IMPROVED MEASUREMENTS:
and hence the temperature. This corrected temperature is CONCLUSIONS
used to recompute a better estimate&gr, which is used to
recompute a better estimate of the Rb magnetization, etc. = There are straightforward improvements that could be

Note that the above iterative procedure yields a temperamplemented to reduce the uncertainty in the present mea-
ture that lies between the temperature of the coldest part afurement. The experiment was conducted in the course of
the cell (which determinegRb] and Mg,) and the noble- developing a?!Ne-*He dual Zeeman maser, so that opportu-
gas/Rb vapor temperatufehich determinescz). Measure- nities for taking contact shift data were very limited. A factor
ments in our laboratory have shown typical temperatureof 3 improvement in the result could easily be achieved just
variations of less than 5 °C along the surface of small glasby taking ten times more data. Active magnetic-field stabili-
cells in conditions similar to the present experiment. In ad-zation using an independent magnetomg2&t would essen-
dition, recent measurements by Wal&gral. [31] have quan- tially eliminate field drift, reducing statistical uncertainty in
tified the elevation of the gas temperature above the cell wathe measurement to that due to phase noise, a factor of
temperature due to absorption of pumping light. In our sys-=>0.03/0.00% 30 reduction. Active field stabilization would
tem, less than 1 W of LDA light was absorbed by the Rbalso permit a reduction in the phase noise since the signal
vapor, implying from[31] an elevation of~1°C in the acquisition bandwidth could be reduced by at least a factor
noble-gas/Rb vapor temperature. Therefore, accounting farf 3, so that the statistical uncertainty could be reduced by
both the typical temperature variation on the glass cell walabout a factor of 300 compared to the present experiment.
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This uncertainty would already be less than that contributeanly to the 10% level(An accounting of~1% is claimed in
by cell asphericality (0.15%) and uncertainty in temperaturghe present work Triple masers usin§®Kr and ?°Xe, along
(0.5%). Thus, the absolute uncertainty in the 8e con-  with *!Ne and®He in turn, would yield high-precision mea-
tact shift enhancement factaer,; would be limited by the surements of the ratios of all the enhancement factors; the
1.5% uncertainty inc3, whereas the ratia,;/«3 would be known enhancement factor fofHe would then determine
known to an uncertainty of only a few tenths of one percentthe absolute values of the other enhancement factors. Tem-
It may be possible to measure ratios of alkali-noble-gaperature dependences could of course also be measured. In
enhancement factors to a level below a part iff Gone particular, enhancement factor ratios as a function of density
could eliminate effects of the classical magnetization field"ormalized to some experimental reference densiguld

shift. We have already shown that one can use differentiaP® determined to very high precision. Improved cell ther-
magnetometry to obtain data from which classical magnetimometry could eliminate the need to depend on a

zation field shifts are eliminated to high precision. We sug-€mperature-density calibratiof29] to determine the cell

gest here that with a three-species noble-gas maser one Coigdnperature. Measurements as a function of optical pumping
measure the contact shift enhancement factor of a third sp aser power could a]low for an accounting of the effects of

cies if the other two species’ enhancement factors are know/RPSOrPtive gas heating. .

independent of the classical magnetization field sHiften We see two significant technical challenges to the sug-

though it has not yet been done, we believe it is a straightdeSted three-species maser scheme. First, for very-high-
forward matter to implement a three-species maser in Rrecision measurements, control of the noble-gas magnetiza-
single-bulb glass cell. tion fields would need to be maintained more carefully than

A comprehensive set of contact shift data would serve agr]] the present work. Al‘ possible S°|Ut'0n| would be to decrease
a probe of noble-gas—alkali interaction potentig2s]. A e time between polarization reversals in order to increase

program using multispecies noble-gas masers to measulle relative size of the contact shifts in comparison to noble-
contact shift ratios could be implemented usiigxe, Kr gas polarization-induced frequency shifts. The second chal-
21Nie, and3He along with K, Cs, and Rb in turn’ Con,tact lenge is the need to account carefully for the contribution of

shift ratios would be converted to absolute values for enYa" der Waals molecule formation to the contact flrzequency
hancement factors by using the measured valuedteyRb  SHifts, particularly for the more polarizabféKr and **Xe
[25] and 3He/K [24]. (The enhancement factor fdiHe/Cs specieg?2]. We estimate that absolute pressure measurements

has not yet been measuretla would be a poor candidate accurate to a few percent for each species will be required to
for use in a noble-gas maser because of its relatively lovdletermine contact shift enhancement factors to better than a

vapor pressure. The remaining stable noble-gas isotope wifh@rt in 10. It may also be. necessary to _make contact shift
nonzero nuclear spitt’Xe, cannot be used with the other measgrements as a function of the par_tlal pressure of _each
noble gases in a multispecies maser because its nuclear gonstituent gas(Such measurements might in turn provide

pole moment has a sign opposite to that of the otheak- usEfluI mformatcljon V3bo|ut thtle formation and break-up of
ing it impossible to achieve a population inversion simulta-N0R!€-gas van der aais mo ecules.

neously with the other speciesiowever, it may be possible Fizqa”y’ we remark that a two-species maser usiihie
to measure thé3Xe precession frequency in free induction 21d ~"Ne has been proposed for a high-precision test of CPT

decay in the presence of two other noble-gas masers.  &nd Lorentz symmetr}19]. In such a device, Rb-noble-gas

Measuring contact shift ratios precisely could proceed aSontact shifts would be an important systematic effect. How-

follows: one would first measure the ratio of the enhance Vel adding a colocatetf’xe maser could provide a high-

ment factors of83Kr and %2%e to each other. The contact precisionin situ measurement of the Rb magnetization, po-

shift enhancement factors féfKr and 12Xe are estimated t€ntially rendering this systematic effect negligible.
by Walker to be about 230 and 730, respecti@$]. Using

an independent magnetometer with the colocated Xe-Kr ma-
sers, it may be possible to measure the ratio of (taege We thank T. Chupp for the use of tHéNe-*He cell, and
enhancement factors of Xe and Kr to below a part it 10 gratefully acknowledge D. Phillips and D. Bear for helpful
even if the classical magnetization field were accounted foconversations.
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