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Measurement of the 21Ne Zeeman frequency shift due to Rb-21Ne collisions

R. E. Stoner and R. L. Walsworth
Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138
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Using a 21Ne-3He Zeeman maser, we compared the frequency shift of the21Ne nuclear Zeeman resonance
induced by polarized Rb vapor to the shift induced in the3He nuclear Zeeman resonance. The3He-Rb shift has
recently been measured with high precision@M.V. Romalis and G.D. Cates, Phys. Rev. A58, 3004 ~1998!#,
permitting the conversion of our differential measurement to an absolute value for the21Ne-Rb shift. We report
a value ofk21532.062.9 for the Rb-21Ne 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 the3He contact shift.
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I. INTRODUCTION

Polarization of noble gases by spin exchange with o
cally pumped alkali-metal vapors@1,2# is an important tech-
nique for a variety of scientific and technological applic
tions. Polarized noble gases have been used for pre
measurements of the neutron spin structure function@3#; neu-
tron polarizers and analyzers@4#; magnetic resonance imag
ing @5–7#; studies of gas diffusion in porous media@8#; gain
media for Zeeman masers@9–12#; and tests of fundamenta
symmetries@13–17#.

Recently, Kostelecky and Lane reported that a21Ne-3He
differential magnetometer could be used in a precision tes
Lorentz and CPT~charge conjugation, parity, and time reve
sal symmetries! @18#. We have proposed to develop a tw
species21Ne-3He Zeeman maser to carry out such a fund
mental symmetry test@19#.

The spin-exchange interaction between alkali and no
gas atoms has been extensively described in the litera
@2,20–25#. During spin-exchange collisions, there is signi
cant overlap of the alkali atom’s valence electron wave fu
tion with the noble-gas nucleus which comprises a Fe
contact interaction of the form

H int5aKW •SW , ~1!

where SW and KW are the electron and nuclear spin angu
momentum operators, respectively. This interaction lead
exchange of angular momentum between the alkali vale
electron and the noble-gas nucleus. During the collision,
valence electron and nucleus experience a strong mag
field from the close proximity of their spin magnetic m
ments. In spite of the small fraction of the time spent
collision, the average magnetic fields experienced by b
the alkali valence electron and the noble-gas nucleus ca
affected if either the alkali or noble-gas species is polariz
The resultant change in the Larmor precession frequency
either species, referred to as the contact shift, is express
terms of an enhancement factor,k, which is defined for colo-
cated spherical distributions of the alkali and noble-gas m
netizations. For each species,k is the ratio of the total Lar-
mor frequency shift, induced both by the contact interact
and by the classical magnetic field generated by the o
1050-2947/2002/66~3!/032704~8!/$20.00 66 0327
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species’ magnetization, to the shift induced by the class
magnetization alone.k can be much greater than unit
growing with increasingZ of the noble-gas nucleus@23#. In
the limit where the formation of alkali–noble-gas van d
Waals molecules is a negligible part of the spin-exchan
interaction~true for the experiment reported in this paper!, a
single enhancement factor describes the contact shift of
noble-gas Zeeman splitting by the alkali atoms, and v
versa@22#. The frequency shift experienced by noble-gas
oms in the presence of polarized alkali atoms, including b
the contact shift and the shift due to classical magnetiza
fields, is

dvng5~k211 f DDF!gng

8p

3
gSmB@a#^Sz&/\. ~2!

Recall the elementary result that (8p/3)M is the magnetic-
field strength inside a magnetized sphere with magnetic
pole moment density~i.e., magnetization! M; the field is uni-
form and parallel to the magnetization.f DDF is a
dimensionless factor that accounts for the effect of class
magnetization fields~‘‘distant dipole fields’’ @25#!, and is
unity for a spherical distribution of magnetization.@a# is the
number per unit volume of alkali atoms, andgng is the gy-
romagnetic ratio of the noble-gas species. For convenie
we define the component of alkali atom magnetization alo
the magnetic field~z! axis, Ma , as

Ma5gSmB@a#^Sz&/\. ~3!

The alkali nuclear magnetic moments do not contribute
the contact shift, but do weakly affect the distant dipo
fields produced by the alkali magnetization distribution. W
ignored these nuclear contributions to the distant dip
fields, since they were too small to bear on the results
ported in this work.

In precision measurements it is important to be able
monitor the absolute polarization of the noble gases. Rom
and Cates@25# demonstrated accurate polarimetry of3He
using the Rb Zeeman frequency shift due to Rb-3He spin
exchange collisions, and made a very precise measurem
of the Rb-3He enhancement factor. Future use of21Ne in
precision measurement applications would benefit from c
tact shift polarimetry, but there is to date no published m
04-1
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surement of the Rb-21Ne enhancement factor. In this pape
we present the first such measurement. We measured th
Larmor frequency shifts, simultaneously impressed by
presence of polarized Rb, on ensembles of polarized3He and
21Ne precessing in the same~nearly! spherical glass cell. The
measurement presented in this paper is not the first in w
a ratio of contact shift enhancement factors was determin
Barangaet al. measured the shifts of the Larmor precess
frequencies of Rb and K vapors residing in the same c
induced simultaneously by the presence of polarized3He
@24#.

The experiment is described in Sec. II. Determining
ratio of the Rb-induced shifts permitted us to divide out t
dependence on Rb magnetization, and express the21Ne en-
hancement factork21 in terms of the3He enhancement fac
tor k3. Using the very accurate measurement ofk3 by Ro-
malis and Cates, we determined the absolute contact
enhancement factork21. Analysis of the data is presented
Sec. III. Suggestions for improved measurements are g
in Sec. IV.

II. APPARATUS, PROCEDURE, SYSTEM PARAMETERS

We employed a two-species21Ne-3He Zeeman maser to
establish simultaneous stable precession of the21Ne and3He
ensembles in the same sealed glass cell. The21Ne-3He maser
is a new device that will be described elsewhere; that
scription is summarized here. Figure 1 is a schematic re
sentation of the maser. Circularly polarized light reson
with the Rb D1 transition~795 nm! was generated by a 30 W
laser diode array~LDA !. The light fully illuminated a 1.4-
cm-diam ~near-!spherical sealed glass cell containing~at
room temperature! 228 torr of 21Ne, 266 torr of3He, 31 torr
of N2, and Rb metal of natural isotopic composition@26#.
The LDA light propagated along the axis of a uniform ma
netic field of strength 3 G. The field was generated by
precision solenoid/m-metal-shield system capable of produ
ing a 3 G magnetic field with<35 mG/cm magnetic-field
gradients, with no gradient shimming. The solenoid w
driven using a current source capable of;3 ppm stability
over time scales of order 1000 s. The glass cell was he
both by the LDA light and blown hot air to a temperature
approximately 125 °C~see Sec. III!. The temperature of the
air surrounding the cell was controlled to about 43 mK,
measured by a three-lead nonmagnetic platinum resist
thermometer~known as an RTD!. The total output power of
the LDA was actively controlled to about a part in 104.

The Rb vapor was polarized by optical pumping; the
sulting Rb electron spin polarization was very close to un
Even though the 30 W LDA had a very broad (;1.5 nm)
linewidth, the on-resonant optical power was roughly 0.5
Thus, the optical pumping rate was.105 photon absorptions
per second per Rb atom@27#. For the21Ne, 3He, and N2 gas
pressures used in the present experiment, the rate of Rb
larization destruction events per Rb atom is,103 s21 @2#.
We thus conclude that the volume-averaged Rb electron
polarization was greater than 0.99 during the frequency s
experiment. Pickup coils wound in series were placed
close proximity to the cell. The coils were excited by t
03270
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magnetic flux associated with the precession of the polari
noble gases. The coils were part of a tuned circuit with re
nances at both noble-gas precession frequencies:.9459 Hz
for 3He and 980 Hz for21Ne. The large current flow induce
in the pickup coils by resonant excitation resulted in ma
netic fields oscillating at the noble-gas nuclear Larmor f
quencies being impressed back on the precessing atoms.
feedback resulted in steady-state maser operation for
species. The maser amplitudes were not affected by s
changes in the LDA output power, which again indicates t
the volume-averaged Rb electron-spin polarization was v
close to unity.

21Ne has nuclear spin 3/2, and thus a quadrupole mom
The quadrupole moments of the21Ne ensemble interacte
coherently with electric-field gradients at the glass cell wa
shifting the four Zeeman energy levels so as to split the th
~otherwise degenerate! dipole transitions@28#. The splitting
(dvQ) is proportional to 3 cos2 u21, whereu is the angle of
the cell’s cylindrical symmetry axis~defined by the cell’s
small pull-off stem! with the magnetic field. We oriented th
cell as close as possible to the ‘‘magic angle’’ cosu5A1/3 to
minimize the quadrupole splitting. Remnant quadrupole w
shifts in the cell were not measured; however, compu
simulations indicate that without proper cell orientatio
realistic-sized splittings can disrupt21Ne maser oscillation.
Nevertheless, we found it was straightforward to attain21Ne

FIG. 1. Schematic of the two-species21Ne-3He Zeeman maser
The device operates similarly to the129Xe-3He maser@10,11#, ex-
cept that the21Ne-3He maser employs a single- rather than
double-bulb cell. Colocated ensembles of noble-gas atoms are
larized by spin-exchange collisions with optically pumped Rb
oms. Precession of polarized atoms excites current in nearby in
tive pickup coils, which are part of a circuit tuned with resonanc
near the Larmor precession frequencies of the two noble-gas
cies. The current induces magnetic fields which act back on
precessing atoms, providing feedback for maser oscillation.
4-2
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MEASUREMENT OF THE21Ne ZEEMAN FREQUENCY . . . PHYSICAL REVIEW A 66, 032704 ~2002!
maser oscillation with a steady-state amplitude. We obser
a small (;10 mHz) sinusoidal modulation of the21Ne ma-
ser frequency, with a period of about 16 h. We speculate
the modulation was a consequence of a remnant quadru
splitting resulting from cell orientation error. The effect w
small, with a period much longer than the duration of o
frequency shift measurements, and thus was not a sourc
significant systematic error.

The 3He and21Ne maser signals were presented to a lo
noise preamplier. The preamp output was then analyzed
ing lock-in amplifiers, which were referenced to a set
synchronized signal generators tuned near the noble-gas
ser frequencies and locked to a hydrogen-maser-derive
MHz signal. The phases of both noble-gas maser sig
were recorded digitally at a sample rate of 1 Hz. The anal
to-digital sampling trigger was also derived from the mas
5 MHz reference.

The experiment consisted of observing the maser ph
during a series of reversals of the direction of the Rb po
ization. We reversed the Rb polarization about every 14
by rotation of the quarter-wave plates used for circular
larization of the optical pumping light~Fig. 1!. We typically
achieved Rb polarization reversals in<20 s. The total dura-
tion of a set of reversals was about 1000 s, limited
magnetic-field stability as well as the extent to which t
noble-gas masers’ steady states were disrupted by the a
nating Rb polarization. We acquired two sets of reversal d
Clear changes in the slopes of the noble-gas maser p
curves were precisely correlated with reversal of the Rb
larization direction; these frequency changes were the re
of the contact shift combined with the~classical! shift due to
the Rb magnetization distribution. The change of noble-
maser oscillation frequency induced by Rb polarization
versal was about 44 mHz for the21Ne maser and 71 mHz fo
the 3He maser.

III. DATA AND ANALYSIS

Phase data for the second of the two measurement s
are shown in Figs. 2 and 3. We model the21Ne phasew21
~see Fig. 2! and the3He phasew3 ~see Fig. 3! acquired by
the lock-in amplifiers as evolving according to the followin
equations:

w215w21,o1g21Bot22py ref,211g21E
0

t

dt8dB~ t8!

1~k21211 f DDF!g21

8p

3 E
0

t

dt8MRb~ t8!,

w35w3,o1g3Bot22py ref,31g3E
0

t

dt8dB~ t8!

1~k3211 f DDF!g3

8p

3 E
0

t

dt8MRb~ t8!, ~4!

whereg21 (g3) is the gyromagnetic ratio of21Ne (3He); k21
(k3) is the enhancement factor for21Ne (3He); f DDF is the
dimensionless factor to account for the classical magn
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field due to the Rb magnetization;n ref,21 and n ref,3 are the
reference frequencies presented to the lock-in amplifiers;Bo
is the time-average magnetic-field strength over the time
terval; dB is the time-dependent deviation of the magne
field from its mean value; andMRb is the Rb magnetization
Note that independent maser frequency measurements d
mined the ratio of the two gyromagnetic ratios,g3 /g21, to
an accuracy much better than 1 ppm. Also, the effects on
maser phases of magnetic fields due to noble-gas magne
tion have been neglected in comparison to the contact s
and Rb magnetization effects; this assumption is reason
for the noble-gas magnetizations and relatively rapid Rb
larization reversals of the present experiment~see below!.

Magnetic-field drift occurred over the course of the me
surement scan. However, the21Ne and3He masers are colo
cated magnetometers, so that we can construct a data

FIG. 2. 21Ne maser phase profile from one~of two! measure-
ment scans. Phase dependence linear in time has been remov

FIG. 3. 3He maser phase profile measured simultaneously w
the data of Fig. 2. Phase dependences linear in time have
removed. Note the considerable distortion in this phase curve du
magnetic-field drift.
4-3
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R. E. STONER AND R. L. WALSWORTH PHYSICAL REVIEW A66, 032704 ~2002!
from which the effects of magnetic-field drift and Rb dista
dipole fields have been removed. We define

Dw[w32
g3

g21
w21. ~5!

It is easily shown that

Dw5w3,o2w21,o12pS g3

g21
n ref,212n ref,3D t

1~k32k21!g3

8p

3 E
0

t

dt8MRb~ t8!. ~6!

Aside from a trivial phase offset and known linear pha
evolution, Dw reflects the action of the Rb contact shif
only: phase evolution due to magnetic fields is subtracted
This combined phase profile is plotted in Fig. 4. As seen
this figure, the phase evolution due to the contact shift wa
piecewise-linear ‘‘sawtooth’’ profile, which is just the tim
integral of the square-wave modulation of the maser frequ
cies induced by the Rb polarization reversals. Since our m
surement is derived from computing the differences in slo
between adjacent linear regions of the phase curve, rem
of constant and linear dependence from the phase data
no effect on the result. Thus, our plots of the phase d
shown in Figs. 2, 3, and 4 are displayed with a mean va
and mean slope of zero.

If the Rb magnetization were known, one could imme
ately deducek21 using Eq.~6! and the value ofk3 from @25#.
Even though the Rb electron spin polarization was very cl
to unity, the Rb density was not knowna priori. It was there-
fore necessary to consider the ratio of contact shifts
pressed on thew21 and theDw phase curves, and then dete

FIG. 4. The combined phaseDw of the two masers as per Eq
~5! for the measurements of Figs. 2 and 3. This profile is prop
tional to the phase variation induced by the Rb–noble-gas con
shift alone. The sawtooth shape arises from periodic reversal o
Rb polarization, which reverses the Rb–noble-gas contact
quency shift. The highly regular shape of the difference curve
flects the fact that magnetic-field drift effects are subtracted ou
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mine the Rb density self-consistently.~The contact shifts also
have a weak temperature dependence@25# which must be
taken into account.!

We analyzed the data in two ways, which yielded ess
tially identical results. First, we computed the avera
changes in slope of the phase curvesw21 andDw caused by
the reversals of the Rb magnetization. That is, we use
least-squares linear fitting routine to extract the slope of e
piecewise linear region of the phase curves. We then
corded the differences in slope of adjacent regions for e
of the phase curves, and computed mean absolute value
the slope differences for each data set defined asM21 and
DM for the w21 andDw profiles, respectively. We estimate
uncertainties from the standard deviation of the mean in
slope differences’ absolute values.

We define the ratio of mean slope changes asR
[M21/DM . The weighted average value forR from the two
data sets wasR50.126260.0025, where a one-sigma unce
tainty is reported. The uncertainty was almost entirely due
that inM21. The fractional uncertainty inDM for both of the
data sets was,0.1%, which indicates that Rb polarizatio
reversal was achieved to high precision and that the Rb m
netization was stable to better than 0.1% over the cours
the measurements. The fractional uncertainty inM21 was
much larger,;2%, because of magnetic-field drift. In prin
ciple, we could have analyzed thew3 profile rather thanw21,
but magnetic-field drift effects wereg3 /g2159.65 times
larger forw3 thanw21, making it impractical to extract slope
data fromw3 directly ~see Fig. 3!.

We found it wasnot necessary to account for variations
maser frequency due to changes in noble-gas longitud
polarization. The magnetization of the noble gases crea
magnetic fields which varied in time during the course
each of the two measurement scans, as evidenced by~small!
maser amplitude changes observed during the scans. A g
maser’s magnetization field could not affect its own fr
quency, since magnetization fields were parallel to the m
netization in the near-spherical cell. However, each mas
frequency was shifted by the other’s magnetization, and s
shifts did not subtract out ofDw as did external magnetic
field drift. The noble-gas longitudinal polarizations unde
went both slow drift and periodic variations, the latter caus
by the Rb polarization reversals. However, the small unc
tainty in the Dw slope differences shows that frequen
variations due to slow drift in the noble-gas magnetizatio
had a negligible effect. We also determined that variations
the noble-gas longitudinal polarizations caused by the p
odic Rb polarization reversal had a negligible effect on
contact shift measurement. Employing a Bloch equat
model of Zeeman maser dynamics@9#, we found that peri-
odic reversal~i.e., square-wave modulation! of the Rb polar-
ization induced a symmetric sawtooth-wave~i.e., integrated
square-wave! modulation on the noble-gas longitudinal p
larizations with peak-to-peak amplitude given approximat
by gset, wheregse is the Rb–noble-gas spin exchange ra
per noble-gas atom, provided that two conditions were sa
fied for t, the time between Rb polarization reversals. The
two conditions weret!(gse11/T1)21 and t!At rd/2gse,
where T1 is the relaxation time for noble-gas longitudin
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MEASUREMENT OF THE21Ne ZEEMAN FREQUENCY . . . PHYSICAL REVIEW A 66, 032704 ~2002!
polarization andt rd is the noble-gas ensemble radiatio
damping time. The two conditions, which ensured that
masers were always in the regime of perturbative linear
namics, were easily met in the present experiment, whet
'140 s,gse'3.231026 s21 for 3He and 1.331025 s21 for
21Ne ~assuming @Rb#'2.731013 cm23 at a temperature
'125°C), T1'20 000 s for3He and 9000 s for21Ne, and
t rd'20 s for 3He and 500 s for 21Ne. The sawtooth-
modulated noble-gas polarizations induced changes in
maser frequencies of approximately 2.8 mHz for the3He
maser and 0.7 mHz for the21Ne maser over a typical time
interval t'140 s between Rb polarization reversals. Ho
ever, to the degree thatt was constant during a measureme
run, theaveragemaser frequency shifts did not change fro
one interval to the next; thus the shifts subtracted out in
calculation of the interval-to-interval frequency changesM21
and DM with better than 5% accuracy. We conclude th
noble-gas polarization-induced magnetic fields had an in
nificant systematic effect on the determination ofR.

It is easy to show from Eqs.~4! and ~6! that the ratioR
can be interpreted as

R5Ug21

g3

k211~ f DDF21!

k32k21
U, ~7!

where it is seen that the dependence on the Rb magnetiz
divided out. We can then use the value and estimated un
tainty for R to compute the desired21Ne contact shift en-
hancement factork21 at a specified noble-gas/Rb vapor tem
perature, once we account for the effect of classi
magnetization fields created by the Rb vapor.

We now consider the second method of analyzing the d
to obtain a value forR and hencek21, which yielded essen
tially the same results as the above approach. While
second method is slightly more complex, it is useful beca
it provides a framework for estimating the size of magne
field drift in the present measurement. In the second meth
we consider the phase data sets to beN-component vectors
~denoted by a tilde!, whereN[ number of data in the se
(;103 for each of the two scans!. We use theDw̃ profile as
a model of the shape of the Rb magnetization-induced ph
@see Eq.~6!#. We then seek to describe thew̃21 profile vector
as a linear combination of elements of a partial basis of
thonormal vectors. The partial basis includes an element
responding to the~normalized! Dw̃ profile ([Ṽo). Addi-
tional orthogonal basis vectors$Ṽi% i 51,Nb21 are derived from

Dw̃ and Legendre polynomials$Pi% i 50,Nb21 using Gram-
Schmidt orthogonalization@30#. The number of basis vector
Nb was typically of order 10, whereas the dimension of t
vector spaceN was of order 103, soNb!N, and we find

w̃215 (
i 50

Nb21

aiṼi . ~8!

The coefficient ofṼ0 in this linear combination,a0, is pro-
portional to the value forR obtained from a particular dat
set. We determined the coefficientsai of the linear combina-
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tion using both linear least-squares fitting and simple proj
tion of w̃21 onto the vectors of the partial basis, with identic
results. We varied the number of elements in the basis
but the coefficients obtained from the least-squares fit
mained the same regardless of the size of the basis set.

Using this second data analysis method, we determi
two values forR, one from each data set. It was not possib
to estimate uncertainties for the individual values ofR from
the vector analysis method. Uncertainty estimates from
least-squares fit were unrealistically small because the ve
analysis could not account for the effect of a nonzero proj
tion of the magnetic-field drifts along the Rb magnetizatio
induced phase profile vectors. Therefore, we take the va
of R to be the mean of the results for the two data sets,
we coarsely estimate the uncertainty ofR as the deviation of
the two values, to obtainR50.128760.0036. This result
agrees well with that of the first method of data analysis. F
computingk21 below we will use the result from the firs
method of analysis since the error estimate is probably m
reliable.

We can compute the magnetic-field drift profile by su
tracting fromw̃21 its projection on the Rb magnetization b
sis profileṼ0:

dB̃5
1

g21

d

dt
@w̃212~ w̃21•Ṽo!Ṽo#. ~9!

Note that the profiledB̃ is the magnetic field driftorthogonal

to Ṽ0. The drift profile from the second data set is plotted
Fig. 5; the time derivative of the~discretely sampled! profile
was estimated by finite difference. Note that the field w
stable to about63 ppm RMS.

Having obtained a value forR, we can then solve Eq.~7!
for k21 in terms of measured parameters, sincek3 is known
@25#. However,k21 is expected to be weakly temperatur
dependent@23,25# and so the temperature at which the e

FIG. 5. Magnetic-field drift during the measurements of Figs
and 3, computed from Eq.~9!. The nominal field strength was 3 G
so that the fractional RMS stability of the magnetic field was ab
3 ppm. Field drift was the dominant source of experimental err
4-5
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R. E. STONER AND R. L. WALSWORTH PHYSICAL REVIEW A66, 032704 ~2002!
periment was carried out must be reported along with
value of k21. The Rb and noble-gas temperature was
reliably represented by the blown hot air temperature
cause the cell was also heated by the LDA. Thus, it w
necessary to deduce the temperature of the noble gas an
vapor from the contact shift data and the known3He en-
hancement factor~with its known temperature dependence!.
We begin by noting that the mean slope changeDM is re-
lated to the enhancement factors and the Rb magnetiza
via

DM52g3

8p

3
u~k32k21!MRb~T!u, ~10!

whereuMRb(T)u @see Eq.~3! above# is a known function of
temperature. The Rb number density in cm23 @Rb# is related
to the temperature in kelvin of the coldest part of the cell
@29#

@Rb#5
109.3182(4040/T)

~1.38310217!T
. ~11!

The measured temperature dependence of the3He enhance-
ment factor is@25#

k354.5210.00934T, ~12!

whereT refers to the gas temperature in degrees centigr
~determined by careful cell temperature measurement
@25#!. Substituting Eqs.~11! and~3! into Eq. ~10! and equat-
ing all temperatures yields an equation relatingk21 and tem-
perature~and known/measured parameters!. Substituting Eq.
~12! into Eq. ~7! yields another equation relatingk21 and
temperature. This system of two~nonlinear! equations and
two unknowns can be solved to yield the temperature
k21. The temperature determination depends strongly on
enhancement factor, while the enhancement factor dete
nation depends only weakly on the temperature~via the
known temperature dependence ofk3). Thus, an iterative
method to compute the temperature rapidly converges
initial guess for the temperature enables calculation ofk21,
which in turn permits calculation of the Rb magnetizati
and hence the temperature. This corrected temperatu
used to recompute a better estimate fork21, which is used to
recompute a better estimate of the Rb magnetization, et

Note that the above iterative procedure yields a temp
ture that lies between the temperature of the coldest pa
the cell ~which determines@Rb# and MRb) and the noble-
gas/Rb vapor temperature~which determinesk3). Measure-
ments in our laboratory have shown typical temperat
variations of less than 5 °C along the surface of small gl
cells in conditions similar to the present experiment. In a
dition, recent measurements by Walteret al. @31# have quan-
tified the elevation of the gas temperature above the cell w
temperature due to absorption of pumping light. In our s
tem, less than 1 W of LDA light was absorbed by the R
vapor, implying from @31# an elevation of;1 °C in the
noble-gas/Rb vapor temperature. Therefore, accounting
both the typical temperature variation on the glass cell w
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and the elevated temperature of the gas, we correct the
perature given by the iterative method from (124
61.9) °C to (12863) °C.

Using the resultR50.126260.0025 from the slope dif-
ference analysis, takingf DDF51 ~see the justification be
low!, and including the effect of the above small temperat
correction, we determine the contact shift enhancement
tor for Rb and21Ne to bek21532.062.9 at a temperature o
(12863) °C. We are not aware of a previous measurem
of the Rb-21Ne contact shift. Walker estimated the Rb-21Ne
enhancement factor to be 38 at a similar temperature, and
ratio of the Rb-21Ne and Rb-3He enhancement factors to b
4.3 @23#. We report this ratio to be 5.660.5.

The 3% uncertainty inR dominates other sources of e
ror, inducing a 9% uncertainty ink21. The 1.5% uncertainty
in the 3He enhancement factork3 contributed to a 0.8%
uncertainty ink21. The uncertainty in temperature induced
0.5% uncertainty ink21. To the extent that the cell could b
described as an ellipsoid of revolution, then departure from
spherical Rb magnetization distribution induced an unc
tainty of 0.15% ink21 with zero systematic correction.~The
glass cell’s ‘‘pull-off’’ volume was very small,; 10 mm3,
and so contributed negligibly to the Rb magnetization dis
bution.!

The claim of zero systematic correction of the classi
magnetization field shift for an ellipsoidal cell is justified b
noting that~i! the classical magnetization field inside an e
lipsoid of uniform magnetization is uniform, with its magn
tude depending on the ellipsoid’s dimensions and the rela
orientation of the ellipsoid major axis and the magnetizat
vector; and~ii ! when the ellipsoid major axis is oriented
the magic angleum5cos21(1/A3) with respect to the mag
netization direction, the component of the classical magn
zation field parallel to the magnetization is exactly that o
spherical distribution with the same magnetization, rega
less of the ellipsoid’s dimensions. We oriented the cell atum
in order to suppress21Ne quadrupole wall shifts, with an
uncertainty of about 10°. The 10° uncertainty in orientati
leads to the estimated uncertainty of 0.15% ink21 due to the
measured asphericality of the cell.

IV. SUGGESTIONS FOR IMPROVED MEASUREMENTS;
CONCLUSIONS

There are straightforward improvements that could
implemented to reduce the uncertainty in the present m
surement. The experiment was conducted in the cours
developing a21Ne-3He dual Zeeman maser, so that oppor
nities for taking contact shift data were very limited. A fact
of 3 improvement in the result could easily be achieved j
by taking ten times more data. Active magnetic-field stab
zation using an independent magnetometer@25# would essen-
tially eliminate field drift, reducing statistical uncertainty i
the measurement to that due to phase noise, a facto
.0.03/0.001530 reduction. Active field stabilization would
also permit a reduction in the phase noise since the sig
acquisition bandwidth could be reduced by at least a fac
of 3, so that the statistical uncertainty could be reduced
about a factor of 300 compared to the present experim
4-6
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This uncertainty would already be less than that contribu
by cell asphericality (0.15%) and uncertainty in temperat
(0.5%). Thus, the absolute uncertainty in the Rb-21Ne con-
tact shift enhancement factork21 would be limited by the
1.5% uncertainty ink3, whereas the ratiok21/k3 would be
known to an uncertainty of only a few tenths of one perce

It may be possible to measure ratios of alkali–noble-
enhancement factors to a level below a part in 103 if one
could eliminate effects of the classical magnetization fi
shift. We have already shown that one can use differen
magnetometry to obtain data from which classical magn
zation field shifts are eliminated to high precision. We su
gest here that with a three-species noble-gas maser one
measure the contact shift enhancement factor of a third
cies if the other two species’ enhancement factors are kno
independent of the classical magnetization field shift. Even
though it has not yet been done, we believe it is a straig
forward matter to implement a three-species maser i
single-bulb glass cell.

A comprehensive set of contact shift data would serve
a probe of noble-gas–alkali interaction potentials@23#. A
program using multispecies noble-gas masers to mea
contact shift ratios could be implemented using129Xe, 83Kr,
21Ne, and 3He along with K, Cs, and Rb in turn. Conta
shift ratios would be converted to absolute values for
hancement factors by using the measured values for3He/Rb
@25# and 3He/K @24#. ~The enhancement factor for3He/Cs
has not yet been measured.! Na would be a poor candidat
for use in a noble-gas maser because of its relatively
vapor pressure. The remaining stable noble-gas isotope
nonzero nuclear spin,131Xe, cannot be used with the othe
noble gases in a multispecies maser because its nuclea
pole moment has a sign opposite to that of the others~mak-
ing it impossible to achieve a population inversion simul
neously with the other species!. However, it may be possible
to measure the131Xe precession frequency in free inductio
decay in the presence of two other noble-gas masers.

Measuring contact shift ratios precisely could proceed
follows: one would first measure the ratio of the enhan
ment factors of83Kr and 129Xe to each other. The contac
shift enhancement factors for83Kr and 129Xe are estimated
by Walker to be about 230 and 730, respectively@23#. Using
an independent magnetometer with the colocated Xe-Kr
sers, it may be possible to measure the ratio of the~large!
enhancement factors of Xe and Kr to below a part in 13

even if the classical magnetization field were accounted
v.

m

m
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only to the 10% level.~An accounting of;1% is claimed in
the present work.! Triple masers using83Kr and 129Xe, along
with 21Ne and3He in turn, would yield high-precision mea
surements of the ratios of all the enhancement factors;
known enhancement factor for3He would then determine
the absolute values of the other enhancement factors. T
perature dependences could of course also be measure
particular, enhancement factor ratios as a function of den
~normalized to some experimental reference density! could
be determined to very high precision. Improved cell th
mometry could eliminate the need to depend on
temperature-density calibration@29# to determine the cell
temperature. Measurements as a function of optical pump
laser power could allow for an accounting of the effects
absorptive gas heating.

We see two significant technical challenges to the s
gested three-species maser scheme. First, for very-h
precision measurements, control of the noble-gas magne
tion fields would need to be maintained more carefully th
in the present work. A possible solution would be to decre
the time between polarization reversals in order to incre
the relative size of the contact shifts in comparison to nob
gas polarization-induced frequency shifts. The second c
lenge is the need to account carefully for the contribution
van der Waals molecule formation to the contact freque
shifts, particularly for the more polarizable83Kr and 129Xe
species@2#. We estimate that absolute pressure measurem
accurate to a few percent for each species will be require
determine contact shift enhancement factors to better th
part in 103. It may also be necessary to make contact s
measurements as a function of the partial pressure of e
constituent gas.~Such measurements might in turn provid
useful information about the formation and break-up
noble-gas van der Waals molecules.!

Finally, we remark that a two-species maser using3He
and 21Ne has been proposed for a high-precision test of C
and Lorentz symmetry@19#. In such a device, Rb–noble-ga
contact shifts would be an important systematic effect. Ho
ever, adding a colocated129Xe maser could provide a high
precisionin situ measurement of the Rb magnetization, p
tentially rendering this systematic effect negligible.
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