
PHYSICAL REVIEW A, VOLUME 64, 052717
Spin relaxation in alkali-metal 1Sg
¿ dimers
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We discuss the relaxation of a spin-polarized alkali-metal vapor due to the electric-quadrupole interaction in
1Sg

1 dimers, and present a model that accurately describes the measured relaxation rates under a wide variety
of conditions. We use the model along with experimental results to deduce the quadrupole interaction strength,
atom-dimer chemical-exchange reaction rate, and the rate of reorientation of singlet dimers due to collisions
with the buffer gas.
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I. INTRODUCTION

Spin-polarized noble gases@1,2# have important applica
tions in such diverse areas as magnetic-resonance ima
@3#, precision measurements with audio-frequency mas
@4#, neutron-spin filters@5#, targets for high-energy electron
scattering experiments@6#, and surface and diffusion studie
@7–10#. The noble-gas nuclei are typically polarized throu
spin-exchange collisions with an electron-spin-polariz
alkali-metal vapor. Since the efficiency of this process is li
ited by alkali-metal spin relaxation@2,11#, a thorough under-
standing of alkali spin-relaxation processes is a topic of c
siderable importance. In this paper, we present studie
atomic Rb spin relaxation-due to the electric-quadrupole
teraction in 1Sg

1 dimers.
Spin relaxation in alkali-metal vapors remains a comp

and incompletely understood process, but a number of
ferent mechanisms have been identified and studied. In o
to put this work into perspective, Fig. 1 summarizes o
measured Rb relaxation rates under a wide range of exp
mental conditions@12#. We see that, depending on alka
metal density and buffer-gas pressure, relaxation may a
from collisions with the buffer gas@13#, alkali-metal–alkali-
metal interactions@11,14–18#, diffusion to the container
walls @13# or, at large alkali-metal density and low buffer-g
pressure, relaxation in singlet dimers. Other mechanis
such as diffusion through magnetic-field gradients@13# and
the formation of alkali-metal–buffer-gas van der Waal
molecules@19# are too small to be significant in our exper
ment.

Electric-quadrupole-relaxation studies in alkali-me
dimers were pioneered by Guptaet al. @20#, who detected the
nuclear magnetic resonance~NMR! signals from 1Sg

1

dimers in optically pumped Cs and Rb vapors. They fou
that the NMR linewidth depended on the molecular break
rate, the chemical-exchange rate, and the rapid reorienta
of the electric-quadrupole hyperfine interaction due to buff
gas collisions. They found large chemical-exchange cr
sections of the order of 100 Å2, and cross sections for re
orientation of the rotational angular momentumJ of a few
Å 2. The large chemical-exchange cross sections are co
tent with detailed molecular-beam studies of atom-dim
scattering cross sections. The NMR method was extende
1050-2947/2001/64~5!/052717~11!/$20.00 64 0527
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Na @21,22#, K @23#, repeated for Cs@24#, and used to study
the small nuclear spin-rotation coupling in K2 and Rb2 @25#.

In addition to determining the linewidth of dimer NMR
signals, electric-quadrupole relaxation is also an import
contributor to the spin relaxation of optically pumped alka
metal atoms, though up to now no systematic studies h
been done. In this work, by measuring spin-relaxation ra
over a broad range of alkali-metal vapor density, buffer-g
pressure, and magnetic field, we deduce accurate value
the key parameters that govern spin relaxation in sing
dimers. Thus, we find that the Rb atom-dimer chemic
exchange cross-section is 173635 Å2 and the root-mean-
square electric-quadrupole interaction strength isVQ/2p
5300630 kHz in a singlet dimer. We find that the cros
section for a Rb singlet dimer to be reoriented by collisio

FIG. 1. Summary of measured relaxation rates for Rb in N2 as a
function of N2 pressure and Rb density, for a long 1.5-in.-diame
cell. The contours shown are relaxation rate at low magnetic fiel
s21. The text inserts show the region of phase space in which e
of the four relaxation mechanisms are dominant.
©2001 The American Physical Society17-1
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with N2 is 1262 Å2. All of these measurements were pe
formed at temperatures near 500 K in vapors of natural
topic Rb abundance. We present here a detailed analys
quadrupolar relaxation that extends the work of Guptaet al.
@20# and allows the relaxation rates to be calculated ove
wide range of third-body pressures, Rb vapor pressures,
magnetic fields.

The results presented in the previous paragraph, and
bulk of the information to follow in this paper, were obtaine
from experiments at the University of Wisconsin, Madiso
Extensive measurements and analysis of Rb spin relaxa
due to singlet molecules have also been completed at P
eton University. This work will not be described in deta
here, but the final experimental results will be present
Further details are available in Ref.@26#.

A detailed understanding of singlet relaxation was ess
tial for our recent study of the spin-axis relaxation in alka
metal triplet molecules@18#. It enabled us to separate out th
singlet and triplet contributions to the relaxation rate for R
a step that was essential for successfully isolating the eff
of spin-axis coupling in87Rb2 triplet molecules.

We emphasize in this paper the quadrupolar relaxation
Rb atoms. Because Cs has a small quadrupole moment
K has a small electric field gradient, these atoms unde
negligible quadrupolar relaxation at typical spin-exchan
optical-pumping densities of 1014 cm23. For Cs and K, the
spin-rotation interaction is comparable strength to the qu
rupole interaction. For these atoms, the total singlet-molec
relaxation, as compared to diffusion and other collisio
processes, remains too small to make a significant contr
tion to spin relaxation under most conditions. Figure 2 sho

FIG. 2. Relaxation rates as a function of pressure due to q
drupolar and nuclear spin-rotation relaxation in alkali-metal sing
molecules, at an alkali density of 1014 cm23. The Rb line is calcu-
lated from the results of our experiments; the K and Cs lines
estimates based on the numbers given in Table I.
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the relaxation rates due to singlet molecules for the th
atoms.

This paper is organized as follows. We begin in Sec
with a discussion of the properties of alkali-metal sing
dimers that are essential to this paper, namely, the elec
quadrupole interaction and the exchange and breakup
namics of singlet dimers in an alkali-metal-vapor/buffer-g
mixture. This leads to the model of relaxation in sing
dimers whose principal results are outlined in Sec. II, a
discussed in more detail in appendices. Because our wo
closely related to the previous NMR linewidth experimen
in Sec. III we discuss the NMR linewidth in the context
our model. Our experiments are described in Sec. IV, f
lowed by comparisons to other work in Sec. V.

II. PROPERTIES OF ALKALI-METAL SINGLET DIMERS

A. Dimer density

At alkali-metal densities suitable for most applications
spin-polarized alkali-metal vapors (1014–1015 cm23),
roughly 1% of the alkali atoms are in1Sg

1 dimers, which
makes them by far the dominant molecular species. Altho
the singlet dimer has no net electron spin, the nucleu
subject to depolarization via the electric-quadrupole inter
tion and, to a lesser extent, via the nuclear spin-rotation
teraction. These interactions couple the nuclear spin to
dimer rotational angular momentum, to which polarization
lost in collisions. Free atoms are continually being associa
into dimer molecules, where their nuclei relax. Upon dis
sociation from the molecule, either by collisional breakup
chemical exchange, the atomic electron and nuclear s
return to spin equilibrium with other free atoms via the h
perfine interaction and spin-exchange collisions. Thus ra
polarization transfer, plus the large density of singlet m
ecules, make nuclear depolarization an efficient means
spin relaxation despite the relatively small coupling typic
of nuclear interactions.

In order to make quantitative relaxation-rate calculatio
we need to know the singlet-dimer density. Given the di
culty of experimentally measuring this, we determine it fro
the atom density and a calculation of the chemic
equilibrium coefficient. Because this procedure depends s
sitively on the molecular potential, we have attempted
construct the most accurate potential possible by star
with the ab initio calculations of Ref.@27#, scaling them to
agree with recent spectroscopic determinations of the di
binding energies@28–30# and matching them to the well
studied long-range 1/R6 potentials of Refs.@31,32#. Table I
gives a convenient parametrization of the resulting potent
for K, Rb, and Cs, as well as the most recent determinati
of binding energy andC6 coefficients.

We numerically determined the energy eigenstates
these potentials and from them determined the chemi
equilibrium coefficient as

1kchem5
1

8 F h2

pmkBTG3/2

(
i

e2Ei /kBT~2Ji11! ~1!

in which m is the atomic mass, andEi are Ji and the energy
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and rotational angular momentum of thei th energy eigen-
state. Corrections for Fermi statistics of the nuclei in t
homonuclear case are negligible. The density of sing
dimers@1A2# of alkali-metal speciesA is then given by the
law of mass action as

@1A2#51kchem@A#2. ~2!

Table I gives a parametrized fit to1kchem(T) for K, Rb, and
Cs over a 350–600 K temperature range. The accurac
this assumed1kchemdepends critically on the accuracy of th
binding energy. Since we have scaled to the very accu
recent measurements, we estimate that our deduced1kchem
should be accurate to better than 10%. For reference, sc
from the calculatedab initio trap depth to the experimenta
one changes1kchem by 15%.

TABLE I. Properties of1Sg
1 molecules relevant to quadrupo

relaxation.DE shows the values of the experimentally determin
binding energies, in Hartrees.eqQ/h is the quadrupole coupling
strength, whileVQ @see Eq.~6!# gives a better relative measure
the relaxation caused by the quadrupole interaction for differ
molecules. The relative importance of relaxation due to quadrup
and spin-rotation interactions is given by comparison of the squ
of c8A^J2& andVQ . The other entries parametrize the potential
V(r )5c0e2r /r 01c1exp@2$(r 2r 1)/r 2%

2#2C6@(12e2r /r 3)/r #6, in
atomic units, and the chemical-equilibrium coefficient in the fo
ln(1kchem)5(anT

n, whereT is the vapor temperature in K and th
units of 1kchem are cm3.

K Rb Cs

DE 0.02028a 0.01820b 0.01630c

eqQ/h 2158 kHzd 85:.21100 kHzd 230 kHzd

87:.2580 kHzd

VQ/2p 29.7 kHzd 85:300 kHze 14.4 kHzd

87:290 kHze

c8 72 Hzf 250 Hzf 101 Hzf

c8A^J2& 5.5 kHz 30 kHz 16 kHz
C6 3813g 4550h 6330g

c0 7.720 7.712 3.291
c1 -0.1471 -0.0447 -0.3285
r 0 1.3579 1.3579 2.2000
r 1 -0.513 4.354 -0.800
r 2 6.707 4.979 7.597
r 3 2.4974 2.4974 2.9727
a0 2.707 -4.6452 -7.9145
a1 -0.1781 -0.1470 -0.1426
a2 2.55131024 2.00331024 2.04331024

a3 21.35031027 21.00531027 21.08131027

aReference@29#.
bReference@30#.
cReference@27#.
dReference@33#.
eThis work.
fReference@25#.
gReference@31#.
hReference@32#.
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B. The quadrupole interaction

The electric-quadrupole interaction for a single nucleus
spin I in a rotating singlet molecule takes the form~origi-
nally due to Casimir and discussed in detail in Ref.@34#, Sec.
6-2!

VQ52eqQ
@3~ I•J!21 3

2 ~ I•J!2I ~ I 11!J~J11!

2I ~2I 21!~2J21!~2J13!
, ~3!

in which Q is the nuclear electric-quadrupole moment a
q5^JJu]2V/]z2uJJ& is the electric-field gradient at th
nucleus in the stretched rotational state. Selected value
eqQ/h are given in Table I. A nuclear spin-rotation intera
tion of the form@22,35#

VSR5c8~ I•J! ~4!

is also present. While it is much smaller than the quadrup
interaction for Rb~contributing at most a few percent to th
relaxation!, it is an important contributor to the relaxation fo
K and is slightly larger than the quadrupole interaction
Cs, as shown in Table I@22#.

At temperatures suitable for this experiment, and for m
uses of a polarized alkali-metal vapor, the average dim
rotational angular momentumJ is greater than 100\. The
first and third terms ofVQ are therefore dominant, allowing
Eq. ~3! to be simplified to

VQ'
\VQ

3I
I•~3ĴĴ21!•I , ~5!

where

VQ52
3eqQ/\

8~2I 21!
. ~6!

We will see later that in the important high-pressure lim
the relaxation rate is proportional touVQu2, multiplied by
factors that are approximately independent ofI. This makes
VQ a better relative measure of the comparitive importan
of the quadrupole interaction in different molecules than
more traditional combinationeqQ/\. For example, the val-
ues ofVQ from Table I readily explain the progression se
in Fig. 2.

It is important to point out that the electric-field gradientq
depends on the rovibrational state of the molecule. Un
most experimental conditions where quadrupolar relaxa
is important, the appropriate value ofq for use in Eq.~6! is
the root-mean-square value averaged over the thermal d
bution of molecular states.

C. Dimer kinetics

As is known from NMR studies, several processes int
rupt the coherent evolution of the nuclear spins under
influence ofVQ . Singlet dimers are formed and dissociate
undergo chemical exchange with free atoms, and, on a m
shorter time scale, are reoriented by collisions with the bu
gas. Since the quadrupole interaction depends on the d

t
le
es
s

7-3



re
u

di
ng

th

rti
ar
d
n
se
rg
le

o
od
n
tio
dy
a
th
re
le
d
rs
r

o-
a
ov

hi
-

tio

io
n
it

-
n

r
s

let
is
n
te
via
of
e

to

of

by
’’

ven

to
pe-

tion
ts
ing

a-

li-
so-

KADLECEK, ANDERSON, ERICKSON, AND WALKER PHYSICAL REVIEW A64 052717
tion of molecular angular momentumJ, such reorienting col-
lisions also halt coherent evolution.

The singlet dimer binding energyDE;0.5 eV is much
larger thankBT, so only infrequently will buffer-gas colli-
sions transfer sufficient energy to cause dissociation. Th
body breakup and formation occur only rarely, and previo
work @36# is consistent with the requirement that each1Sg

1

molecule undergo approximately exp(DE /kBT)'104 colli-
sions before dissociating.

On the other hand, free alkali-metal atoms can be rea
associated into singlet dimers through chemical-excha
processes of the form

A11~A2A3!→~A1A2!1A3 . ~7!

This rate exceeds the three-body formation rate when
alkali-metal density exceeds approximately 1025 of the
buffer-gas density. Chemical-exchange processes are pa
larly important for spin relaxation, since they replace p
tially relaxed nuclei from the molecule with new polarize
nuclei from the initially free atom. There is no Boltzman
suppression of the chemical-exchange process becau
does not need to overcome the large singlet binding ene
Hence the chemical-exchange cross section is comparab
the total gas kinetic cross section.

In order to completely describe the molecular dynamics
singlet dimers in a buffer gas, we need to include three-b
formation and breakup, chemical exchange, a
J-reorienting collisions. However, because the cross sec
for reorientation is so much larger than for three-bo
breakup, relaxation during a molecular lifetime is very sm
whenever the buffer-gas pressure is high enough so
three-body breakup is significant. In this high-pressure
gime, an individual atom is cycled through many sing
dimers before relaxing completely, so the relaxation rate
pends only on the fraction of time spent in singlet dime
not the rate or mechanism of formation and breakup. The
fore, we simplify our treatment by ignoring three-body pr
cesses entirely. The resulting model introduces no signific
inaccuracies as long as the alkali-metal density is ab
;1011 cm23.

To characterize the exchange process~7!, we define the
chemical-exchange cross section as follows; the rate at w
a given member of a1A2 dimer is ejected by chemical ex
change is 1/tex5@A#^sexvAA2

&/2. The factor of 1/2 repre-
sents the fact that either atom may be ejected. This defini
of the exchange rate is consistent with Refs.@21,24,37# but
differs from Ref.@20#.

Similarly, we define the dimer-reorientation cross sect
as follows; the rate at which the quadrupole interaction i
singlet dimer is subject to decoherence from collisions w
buffer-gas speciesB is 1/tJ5@B#^sJvBA2

&. Because of the
large values ofJ typical of singlet dimers, this collision
induced decoherence can be thought as the reorientatio
the classical dyadic (3ĴĴ21)/2 in Eq.~5!.

In the following, we will often refer to a cross section fo
chemical exchange or reorientation. These cross sections
are related to the relevant rate coefficient by^v&s
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5^vs(v)&, where ^v&5A8kBT/pm and m is the reduced
mass of the collision pair.

III. RELAXATION DUE TO SINGLET DIMERS

A. General model

Each time an alkali-metal atom becomes part of a sing
dimer, a fraction of its polarization is lost. We denote th
fraction asW. Roughly speaking, therefore, the relaxatio
rate for atoms in an optically pumped vapor will be the ra
at which the atoms are associated into singlet dimers
chemical-exchange collisions, multiplied by the fraction
the original angular momentum that is lost while in th
dimer.

Put more precisely, the atomic spin-relaxation rate due
singlet moleculesGsing , defined via

d^Fz&
dt

52Gsinĝ Fz&, ~8!

where^Fz& is the expectation value of the z component
total angular momentumF5I1S of the free atoms, can be
written as

Gsing5@1A2#^sexvA•A2
&(

i
siWi , ~9!

where the sum is over the various isotopes andsi is the
fraction of the total vapor spin angular momentum held
nucleusi and is the equivalent of the ‘‘slowing-down factor
discussed in Ref.@13#. In the low-polarization, spin-
temperature limit, assuming isotopic fractionsf i , this yields

si5
f i@~ I i11/2!221/4#

1/21( f j~ I j11/2!2

. ~10!

For natural K, Rb, and Cs, the appropriate values are gi
in Table II.

To evaluateW, we break each atom’s stay in a dimer in
discrete periods of coherent spin precession. Coherence
riods are brought to an end either by the atoms’s ejec
from the dimer, or by a buffer-gas collision, which reorien
the dimer’s angular momentum and changes the relax
Hamiltonian. As shown in Appendix A, we may rewriteWi

TABLE II. Some important atomic parameters relevant for qu
drupolar spin relaxation. The natural isotopic fraction isf, and the
fraction of vapor polarization contained in nuclei of each alka
metal species iss. The Zeeman precession frequency for each i
tope isVB and the nuclear spin isI.

f s VB/2p (kHz/G) I

39K 0.933 5/6 0.199 3/2
41K 0.067 5/6 0.109 3/2
85Rb 0.72 0.78 0.411 5/2
87Rb 0.28 0.13 1.393 3/2
Cs 1.0 21/22 0.56 7/2
7-4
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in Eq. ~9! in terms of the average fractional polarization lo
during a coherence periodWJi , as

Wi5
~11N!WJi

11NWJi
, ~11!

in which N5tex /tJ is the mean number of reorientations p
exchange collision.

Finally, we determineWJ theoretically by evolving the
nuclear-density matrix under the influence ofVQ , and aver-
aging over the exponentially distributed coherence times.
find an analytical solution, which is applicable at low ma
netic field, and resort to numerical techniques for fie
above a few hundred gauss. Since optical pumping is t
cally done at fields of less than 100 G, we expect that
analytical solution will be sufficient for most applications. A
shown in Appendix B, we may writeWJ in terms of Lorent-
zian functionsL(x)51/(111/x2), wherex is proportional to
VQtc . The exact form depends on nuclear spinI, and is
summarized in Table III. A discussion of the method
determine the relaxation rates at high field is given
Appendix C.

In this paper, we treat the spin relaxation of each nucl
in the dimer molecule separately. Strictly speaking, the Fe
statistics obeyed by the nuclei introduce correlations betw
the nuclear spins and the rotation of the molecule for hom
nuclear dimers that need to be accounted for. Our mo
ignores these correlations, and therefore potentially err
allowing for transitions between ortho and para states of
homonuclear molecules in the vapor. However, since the
tal Hamiltonian, including the quadrupole interaction,
symmetric on interchange of the two nuclei, the matrix e
ment for ortho-para transitions is zero even in a model wh
the Fermi statistics are ignored. The primary error in ign
ing quantum statistics is in the distribution of rotational le
els, an effect of little consequence at the high rotatio
quantum numbers (;60) in our experiment. Extensiv
analysis of quadrupolar relaxation by Happer@38#, including
Fermi statistics, explicitly confirms the appropriateness
approximations we have made here.

B. Limiting cases

The equations presented above are valid at all buffer-
pressures and alkali-metal densities above 1011 cm23. In

TABLE III. Average fractional polarization lossWJ for nuclei of
spin I due to the quadrupole interaction acting for a mean timetc .
The coherent evolution is ended either by a chemical-exchange
lision ~occurring at rate 1/tex! or a reorienting collision~at rate
1/tJ) and therefore 1/tc51/tJ11/tex . WJ is written in terms of
Lorentzian functionsL(x)51/(111/x2).

I WJ

3/2 2/5L(4VQtc/3)
5/2 32/105L(4VQtc/5)14/21L(8VQtc/5)
7/2 5/21L(4VQtc/7)14/21L(8VQtc/7)1

1/9L(12VQtc/7)
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general, they do not have a particularly simple form and
not applicable at high magnetic fields. It is therefore instru
tive to examine at a few limiting cases and approximations
Eq. ~9!. This process also makes it clear how experimen
measurements can provide values for the three param
sJ , sex , andVQ .

We first consider the qualitative effect of a magnetic fie
on the relaxation rate. As one might expect, coupling to
field must be larger than the quadrupole interaction in or
to significantly affect the relaxation rate in singlet molecule
In addition, the presence of reorienting collisions adds
more stringent requirement that the nuclear precession du
the magnetic field must be large (;1 rad) during a coher-
ence period for decoupling to occur. Otherwise, the~small!
precessions due to the field and the quadrupole interac
simply add and do not interfere with one another. At hi
pressures, we show in Appendix C that, in agreement w
this argument,

Gsing~B!'
Gsing~0!

11~2VBtJ!
2

, ~12!

where \VB5gImNB/I . The change ingI due to magnetic
shielding in the singlet molecule is negligible@25#.

This turns out to be quite a good approximation, even
low pressures, although the exact field dependence requi
numerical diagonalization of the complete Hamiltonian w
both the magnetic-field and electric-quadrupole terms. N
that the only unknown parameter in Eq.~12! is tJ , which
makes the field dependence an excellent way to measure
molecular-reorientation rate. The more exact, numerical
lution has this feature as well.

It is also instructive to consider relaxation in the limit o
high and low buffer-gas pressure. In the zero-field, hig
pressure limit (tJ!tex ,VQ

2 tJtex!1)

Gsing5
@1A2#

@A# (
i

2

3

~2I i21!~2I i13!

5I 2 siVQi
2 tJ . ~13!

The relaxation rate is inversely proportional to buffer-g
pressure, varies with alkali-metal density as1kchem@A#, and
is independent of the chemical-exchange cross section~con-
sistent with the assertion in Sec. I that the high-pressure
laxation rate is independent of the dimer-formation mec
nism!. Note that Eq.~13! depends on the interaction streng
VQ and reorientation rate. Once the reorientation rate
been measured by observing the magnetic-field depende
the high-pressure relaxation rate provides a good meas
ment ofVQ .

In the low-pressure limit (tJ→`,VQtex@1), W ap-
proaches a constant: 2/5 for a spin-~3/2! nucleus, 52/105 for
spin 5/2, and 34/63 for spin 7/2. The relaxation rate theref
becomes independent of buffer-gas pressure and depend
alkali-metal density as1kchem@A#2. Note, however, that the
relaxation rate still depends on the chemical-exchange c
section, which makes low-pressure studies an excellent
to measure this parameter.

ol-
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KADLECEK, ANDERSON, ERICKSON, AND WALKER PHYSICAL REVIEW A64 052717
At pressures above about 1 Torr, we can make the
proximation N@1 ~but not necessarilyNWJ@1), and the
relaxation rate becomes

Gsing5
@1A2#

@A# (
i

si

WJi /tJ

11NWJi
. ~14!

The transition between the high- and low-pressure regim
occurs when the terms in the denominator are equal—tha
at a characteristic pressure wheretJ5texWJ . Substituting in
for WJ , and noting thatVtJ!1, we see that the transitio
occurs whenVQ

2 textJ'2/3. This result shows that the cha
acteristic pressure is inversely proportional to alkali dens
This feature depends on all three unknown parameters
provides a good consistency check for our model.

IV. RELAXATION IN NMR EXPERIMENTS

Because of its importance in interpreting NMR expe
ments, in particular for determining the width of molecul
NMR lines, quadrupolar relaxation has been well studied
many different contexts@39#. For alkali-metal dimers, the
key features were illuminated in Ref.@20# and we review
those here.

At sufficiently high pressure, relaxation is hindered
rapid reorientations of the molecular angular momentum d
ing collisions with the buffer gas. This case is addressed
liquids in Ref. @39#, Sec. VIII F~b!~3!, so the derivation as
sumes that the reorientation is so rapid that even the mol
lar rotation is hindered. In gases at pressures of tens o
mospheres or less, the relaxation is averaged over the r
rotation of the molecules. The effect of the averaging is
reduce the relaxation by a factor of 4, as explained in S
VIII G ~a! of Ref. @39#. The high-pressure relaxation rate f
nuclei in a singlet molecule~or equivalently the quadrupola
contribution to the NMR linewidth! is therefore@20,39# @see
also Eq.~B11!#

1

tQ
5

3

160

2I 13

I 2~2I 21!
S eqQ

\ D 2

tJ

5
2

3

~2I 13!~2I 21!

5I 2
VQ

2 tJ'
2

3
VQ

2 tJ . ~15!

Note that the relaxation rate is inversely proportional
buffer-gas pressure~through the factortJ) at sufficiently
high pressure.

In addition to the quadrupolar contribution to the NM
linewidth, chemical-exchange collisions, and third-bo
breakup collisions become important at high pressures. T
the NMR linewidth becomes

dn5
1

tQ
1@A#^sexvAA2

&1@B#^sbvBA2
&, ~16!

where ^sbvBA2
& is the rate coefficient for breakup of th

singlet molecules in collisions with third-body atoms of de
sity @B#. Whereas for atomic spin relaxation the third-bo
breakup process can usually be ignored~see Sec. I C!, for the
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NMR linewidth it becomes the dominant broadening mec
nism at sufficiently high pressures.

V. OVERVIEW OF EXPERIMENT

We measure the spin relaxation rate using the appar
depicted in Fig. 3. A stainless-steel cell~1.5 in. diameter,
2.25 in. length! contains saturated alkali-metal vapor that
mixed with N2 buffer gas. The cell has pyrex windows a
fixed using knife-edge gaskets in the manner of Ref.@40# and
is attached to a vacuum/gas manifold that allows the N2 pres-
sure to be varied. The cell is contained within an oven w
optical access. The oven temperature determines the al
metal vapor density, which is measured using Faraday r
tion ~as explained below! with an estimated accuracy of be
ter than 20%@41#. The oven is placed between the pole fac
of a 6-kG NMR magnet which has been modified to allo
optical access along the field axis.

Our measurements are performed by optically pump
the vapor with a strong (;500 mW), circularly polarized
beam from an Ar1-pumped titanium:sapphire laser. Th
beam size is chosen to roughly match the fundamental di
sion mode of the cell. We then rapidly turn off the pumpin
light and measure vapor polarization as a function of ti
with a weak (;100 mW), linearly polarized probe beam
Both beams were tuned typically to 500 GHz from either t
P1/2 or theP3/2 resonance.

The vapor-polarization measurements take advantag
polarization-induced birefringence. At large detuning,
alkali-metal vapor of density@A# and polarization P
52^SZ& causes the probe polarization to rotate by an an
@12#

f5
@A# le2

6mc S 1

D3/2
2

1

D1/2
D P ~17!

in which l is the probe path length through the vapor a
D1/2, D3/2 are the detunings~in Hz! from the P1/2 and P3/2

FIG. 3. Diagram of experimental apparatus with sample tim
sequence data.S, shutter;C, cell with vacuum/gas manifold.
7-6
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SPIN RELAXATION IN ALKALI-METAL 1Sg
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resonances. This is in addition to any magnetic-field-indu
Faraday rotation. The rotation is detected using the balan
detector shown in Fig. 3.

A typical relaxation transient~vapor polarization vs time!
is shown in the inset to Fig. 3. Note that it is usually impo
sible to achieve an adequate signal-to-noise ratio with
relaxation transient, so most of the data are actually an a
age over hundreds or thousands of transients taken with i
tical cell conditions. The polarization decay is always w
fitted by a decaying exponential, and the inverse of the
ponential time constant is the relaxation rate.

As described in Sec. III, we have used such relaxati
rate measurements to determine the cross sectionssJ , sex
and the quadrupole interaction strengthVQ . Figure 4 shows
a sample of our measurements of Rb relaxation in N2 as a
function of magnetic field. The main part of the figure sho
a typical field decoupling and the insert shows that the fi
width varies linearly with buffer-gas pressure in agreem
with Eq. ~12!.

These field-dependence measurements are especiall
vealing because the field decoupling width depends only
the reorientation cross section. Using Eqs.~11! and~C5!, we
deduce thatsJ512(2) Å2. Similar measurements to Fig.
were taken at alkali-metal densities between
31014 cm23 and 3.031015 cm23. The field widths show
no dependence on alkali-metal density at these high alk
metal densities. The field dependence is not affected no
ably by triplet dimers@17,18# below pressures of about 2
Torr.

Figure 5 shows our measurements of zero-field Rb re
ation in N2 in the transition region between the high- a
low-pressure regimes described in Sec. II. Note that the

FIG. 4. Measured Rb relaxation rate as a function of magn
field at @Rb#51.4531015cm23 and N2 pressure of 6.09 Torr. The
insert shows the approximately linear dependence of the fi
decoupling width on buffer-gas pressure. This indicates that
duration of coherent relaxation according to Eq.~5! is cut short by
collisions with the buffer gas. The solid line shows a fit to t
numerically determined predictions of Eqs.~9!, ~10!, and~11!.
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havior is essentially as described in Sec. III, although inst
of approaching a constant at low buffer-gas pressureP, the
relaxation rate continues to increase at approxima
(530 s21)/P (P is in Torr!. We believe that this extreme
low-pressure behavior is diffusion to the cell walls. If w
assume that this additional low-pressure relaxation rep
sents the decay of the lowest diffusion mode~see Ref.@13#!
of the cell, we obtain a diffusion coefficient for Rb in N2 of
0.22 cm2/s, which is in fair agreement with the previous
published value of 0.33 cm2/s @42#.

We therefore fit the measurements in Fig. 5 to a funct
of the form G5Gsing1a11a2 /P with the additional terms
representing alkali-metal–alkali-metal relaxation@17# and
diffusion. These are the fits shown in Fig. 5. Note that t
model accounts very well for the observed relaxation ra
over a factor of 100 in pressure, and a factor of 10
Rb density. As described in Sec. III, the combination
low- and high-pressure behavior constrains bothsex and
VQ and we find the best fit forsex5173(35) Å2,
VQ/2p5300(30) kHz for 85Rb, and VQ/2p
5290(29) kHz for 87Rb. Note that since the ratio of th
quadrupole moments is well known (Q85/Q8752.07), and
the field gradientq is essentially independent of isotope, w
know from Eq.~6! thatV85/V8751.035. The two values are
therefore not independent and we maintained this ratio w
doing the fit.

Because of the much smaller quadrupole relaxation in
and Cs~Fig. 2!, similar measurements in those alkali-meta
are difficult with our current apparatus and we did not purs
them.

VI. COMPARISONS AND CONCLUSIONS

The key parameters deduced from our measurements
summarized in Table IV. Included for comparison are resu

ic

d-
e

FIG. 5. Measured zero-field relaxation rate as a function of
verse buffer-gas pressure 1/P and Rb density. This shows how th
relaxation rate in singlet dimers transitions from a region of inve
P dependence toP independence at a characteristic pressure o
few Torr. The fits are to numerical solutions of Eqs.~9!, ~10!, and
~11!, and primarily constrainsex andVQ .
7-7
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KADLECEK, ANDERSON, ERICKSON, AND WALKER PHYSICAL REVIEW A64 052717
from previous experiments, which we now discuss
The electric-quadrupole interaction has been studied

viously and values forsex andsJ inferred by observing the
dependence of NMR linewidths on experimental conditio
The first such experiment, by Guptaet al. @20#, quotes ap-
proximate values for Cs in Ne that are similar to ours
order of magnitude. Subsequent work on Na@22,21#, K @23#,
and Cs @21# gives similar values as well. None of thes
works used Rb and are therefore not directly comparabl
this experiment.

Atom-dimer exchange processes have also been stu
using colliding atomic and molecular beams~usually of un-
like species! @43#, and yield cross sections similar to ou
measurements. We have performed classical-trajec
Monte Carlo modeling of atom-dimer exchange collisio
using the trimer potential of Ref.@44# scaled to reflect recen
dimer binding-energy data~see Sec. I!. Because of the large
angular momenta typical of these collisions, a semiclass
calculation should be sufficient, and the reliability of the
results is probably limited by the quality of the trimer Bor
Oppenheimer potential. We predict a chemical-excha
cross section of 180 Å2 in K, 193 Å2 in Rb, and 210 Å2 in
Cs. This work compares favorably to our measurements
well. See Ref.@45# for a similar calculation.

A very direct comparison can be made between the
periments described here and the previously unpublished
sults of the Erickson@26#, shown also in Table IV. Erickson’s
results for the chemical-exchange cross section agree
with the results of Kadlecek, especially considering that
solute Rb density measurements are required. Similarly,
deduced values ofVQ are in good agreement. On the oth
hand, the deduced values forsJ , which are determined
mainly from the magnetic-decoupling widths, disagree
about 40%, a surprisingly large value. We have not been
to reconcile this discrepency.

There has also been one previous measurement ofVQ .
This measurement, made by Loganet al. in 1952 @33#, used
molecular-beam methods to measure the quadrupole en
splittings directly. Their quoted values@translated using Eq
~6!# areVQ/2p5103 kHz, about a factor of 3 smaller tha
what we have deduced in this work.

This discrepancy may be partially resolved by noting,

TABLE IV. Comparison of measured parameters with other
periments. The cross section for reorienting the rotational ang
momentum issJ , the cross section for chemical exchange issex ,
and the rms quadrupole-coupling strength@defined in Eq.~6!# is
VQ .

Parameter Value Method Ref.

sJ(Rb2N2) 1262 Å2 Spin relaxation This work
7.1 Å2 Spin relaxation @26#

sex (Rb-Rb2) 173635 Å2 Spin relaxation This work
193 Å2 Spin relaxation @26#

193 Å2 Theory This work
AVQ

2 /2p (85Rb) 300630 kHz Spin relaxation This work

250 kHz Spin relaxation @26#

VQ/2p (85Rb) .103 kHz Molecular beam @33#
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has been recognized before~see Ref.@33# and references
therein!, that the interaction strengthVQ varies with the mo-
lecular rovibrational state. The result of Loganet al. must be
interpreted as the statistically most likely value of the int
action strength, whereas the spin-relaxation experiment m
sures the root-mean-square value. We also note that du
certain experimental artifacts~discussed in Ref.@33#!, the
Loganet al. results were intended only as a lower bound
VQ . Rb was singled out as a case where the experime
broadening was particularly severe. Thus we do not feel
our experimental results are necessarily in conflict with
Loganet al. results.

In conclusion, we have measured spin relaxation in alk
metal singlet dimers, and have developed a model that a
rately explains these results. This model allows prediction
relaxation rates in other alkali-metal and buffer-gas spec
and at all alkali-metal densities, buffer-gas pressures,
magnetic-field strengths. In addition, comparison with e
perimental measurements gives interesting quantitative in
mation about microscopic dynamical processes taking p
in the vapor.
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APPENDIX A: RELAXATION FRACTION DURING
A DIMER LIFETIME

This appendix describes our calculation of the avera
fractional polarization lossW during the period an alkali-
metal atom is bound in a singlet dimer. The polarization lo
is caused by the electirc-quadrupole interaction, although
herent relaxation is typically interrupted many times
buffer-gas collisions that reorient the direction of the dime
angular momentum. The task in this appendix is therefore
write W in terms of the average polarization loss during
coherence period, which we refer to asWJ , and which we
derive in Appendix B.

If an atom undergoesN coherence periods before exiting
molecule, then the fraction of polarization remaining is@1
2(12WJ)

N#. Note that because decoherence events are
domly distributed in time, setting a fixed value forN does
not change the distribution of coherence period lengths
will be used for calculatingWJ . Note also that in order to
assume that eachWJ is the same, we must assume that t
spin-temperature density matrix remains a good descrip
of the actual density matrix at the end of each cohere
period. We shall see in Appendix B that this is the case
zero magnetic field.

Now, if P(N) is the probability of gettingN coherence
periods before leaving the dimer, the average fractional
larization lossW is

W5 (
N51

`

P~N!@12~12WJ!
N#512 (

N51

`

P~N!~12WJ!
N.

~A1!

-
ar
7-8
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To evaluateP(N), we simply integrate over all possibl
molecular lifetimes and coherence times while maintainingN
coherence periods. Thus one can show that

P~N!5E
0

`dt1
tex

e2t1 /texE
0

t1dt2
tJ

e2t2 /tJ
•••

3E
0

t12t22•••2tN21
e2tN /tJe2~ tx2t22•••2tN!tJ

dtN
tJ

5
1

textJ
N21E0

`

dt1e2t1 /tcE
0

t1
dt2•••E

0

t12•••2tN21
dtN

51/~textJ
N21!E

0

`

dt1e2t1 /tcE
0

tex
dt2E

0

t2
dt3•••

3E
0

tN21
dtN

51/~textJ
N21!E

0

`

dt1e2t1 /tc
t1
(N21)

~N21!!
5

tex
N21tJ

~tex1tJ!
N

,

~A2!

and therefore that

W512
tJ

tex
(
N51

` Ftex~12WJ!

tex1tJ
GN

5
~11^N&!WJ

11^N&WJ
~A3!

in which ^N&5tex /tJ is the average number of reorient
tions before an exchange.

APPENDIX B: RELAXATION FRACTION DURING
A COHERENCE TIME; BÄ0

This appendix details our calculation of coherent nucl
relaxation of a single nucleus contained in a singlet m
ecule. We show that, for small applied magnetic fields,
fraction of polarization lost during a periodtc of coherent
evolution can be written as a Lorentzian function of 1/tc for
nuclear spinI<3/2, or as a sum of Lorentzians for high
spin.

Coherent evolution is interrupted by molecular reorien
tion and chemical exchange, which are both random co
sional events. We therefore expect that the nuclear spin
be allowed to evolve coherently for a durationt distributed
as

P~t!5
1

tc
e2t/tc ~B1!

in which 1/tc51/tJ11/tex . The density matrix after a pe
riod of coherent evolution should therefore be averaged o
period durations and a random distribution of molecular o
entationsĴ as
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rF5QEuE
0

`dt

tc
e2t/tce2 iH tr0eiH t. ~B2!

The Hamiltonian includes both the quadrupole interact
and a Zeeman interaction with the applied laboratory m
netic field.QEu denotes an average over Euler angles forĴ.
We assume that evolution begins with an axially symme
density-matrix distribution

r05
1

2I 11 F11
3^I z&I z

I ~ I 11!G , ~B3!

where z denotes the direction of the laboratory magne
field, and we have assumed that the higher moments of
density matrix can be neglected, as is valid for high-s
temperatures.

It is convenient to evaluate Eq.~B2! in the basis of eigen-
statesum8% of H with eigenvaluesEm8 ,

$m8urFun8%5QEuE
0

`dt

tc
exp@2t/tc2 ivm8n8t#$m8ur0un8%

5QEu

$m8ur0un8%

~11 ivm8n8tc!
, ~B4!

where\vm8n85Em82En8 . Transforming back to the labo
ratory basis,

rF5QEu(
m8n8

um8%$m8ur0un8%$n8u

11 ivm8n8tc

. ~B5!

The derivation thus far is independent of the form of t
interaction and may be solved, in general, numerically. In
rest of this appendix we neglect the magnetic field. In t
case, it is clear that the transformation that diagonalizes
quadrupole interactionVQ is the rotation to the primed sys
tem ẑ85 Ĵ. The Bohr frequencies are

vm8n85
VQ

I
~m822n82!. ~B6!

The diagonal density-matrix elements in the laboratory ba
are

rFmm5QEu (
m8n8n

rnn^mum8%$m8un&^nun8%$n8um&

11 ivm8n8tc

.

~B7!

The bra-ket inner products can be written in terms of Wign
D functions, and reduced by the Clebsch-Gordan series@46#
to ease the angular integration,

rFmm5 (
m8n8n

rnn

11 ivm8n8tc

QEu~Dmm8
I Dnm8

I* Dnn8
I Dmn8

I* !

5 (
jnn8m8

rnn~2 !2I 2 j

11 ivm8n8tc

@CImIn
jm1n#2@CIm8In8

jm81n8#2

2 j 11
.
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Note that(nn@CImIn
jm1n#2 is proportional tom for all j ,m. This

ensures that in the low-polarization limit, if the density m
trix begins in a spin-temperature distribution, it will remain
spin-temperature distribution~albeit at a different tempera
ture! to start the next period of coherent evolution.

We may now write the fractional polarization loss durin
a coherence time as

WJ~tc!512S (
m

mrFmmD Y S (
m

mr0mmD . ~B8!

In the low-polarization limit @Eq. ~B3!#, and using Eqs.
12.1~8! and 8.7~31! of Ref. @46#, this becomes

WJ~tc!5 (
m,n52I

I vmn
2 tc

2

11vmn
2 tc

2 (
j 50

2I

@CImIn
jm1n#2H 1 I I

j I I J
5 (

m,n52I

I vmn
2 tc

2

11vmn
2 tc

2

@C1n2mIn
Im #2

2I 11
. ~B9!

ThusWJ is a simple Lorentzian function of 1/tc for nuclear
spin I<3/2, or a sum of Lorentzians for higher spin. We fin
it convenient to write the terms out explicitly for half-integ
spins as

WJ~tc!5(
l 51

cl

~2lVQtc /I !2

11~2lVQtc /I !2
, ~B10!

where the coefficientscl are given explicitly in Table III.
Note that for short coherence times, Eq.~B9! reduces to

WJ~tc!5
2

3

~2I 21!~2I 13!

5I 2 VQ
2 tc

2 , ~B11!

in agreement with Ref.@39#. In the limit of long coherence
times ~low pressure!,

WJ5H 2

3
, I 51,2,3 . . .

2

3
2

112I

4I ~11I !
, I 53/2,5/2•••

~B12!

WJ is less than 2/3 for half-integers because them51/2 and
m521/2 states are degenerate and therefore do not con
ute to the relaxation.

APPENDIX C: MAGNETIC-FIELD DEPENDENCE OF WJ

The previous appendix gave analytical results for the s
glet relaxation at zero magnetic field. When the magne
field cannot be neglected, the eigenstates of the Hamilto
are not simple enough to allow for analytic formulas to
calculated forWJ , except in extreme cases. In particular,
order to analyze the data of Fig. 4, we find it necessary
find WJ numerically.

In the presence of a magnetic field, the Hamiltonian
one of the nuclei in the molecule becomes
05271
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H5VQ2
gImNBIz

I
, ~C1!

where the magnetic field is presumed to lie along thez axis.
If we denote the eigenstates ofH as up% with energiesEp ,
the time-evolved density matrix becomes, in analogy to
~B5!,

rF5QEu(
pq

up} $pup0uq%$qu
11 ivpqtc

. ~C2!

The fraction of spin lost during a coherent precession is

WJ5
^I z&02^I z&F

^I z&0
~C3!

5QEu(
pq

$puI zuq%$qur0up%vpq
2 tc

2

11vpq
2 tc

2
, ~C4!

which, using Eq.~B3!, becomes

WJ5QEu(
pq

3$puI zuq%$quI zup%

I ~ I 11!~2I 11!

vpq
2 tc

2

11vpq
2 tc

2
. ~C5!

Thus we numerically solve forWJ by finding the numerical
eigenstatesuq% and energiesEq , finding the matrix elements
of I z in that basis, and apply thetc-dependent factors.

In contrast to the zero-field case, we do not necessa
find that the density matrix can still be described by a s
temperature at the end of a coherence period. Howe
Monte Carlo simulations suggest that the spin-tempera
assumption remains reasonable at moderate field stren
An example of the difference between the spin-tempera
approximation and keeping the full density matrix is show
in Figure 6.

When the Zeeman interaction strength is much grea
than the electric-quadrupole interaction, we can use per
bation theory to evaluate Eq.~C5!. To first order inVQ , the
perturbed states are

FIG. 6. Test of the spin-temperature assumption for reorien
tion of a spin-~5/2! nucleus at nonzero magnetic field (VBt52.0).
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uq%5uq&1(
k

^kuVQuq&
\vqk

~C6!

andWJ becomes, to second order inVQ ,

WJ5
3tc

2

I ~ I 11!~2I 11!\2 QEu(
pq

~p2q!2u^puVQuq&u2

11v0pq
2 tc

2
,

~C7!

where \v0pq52(p2q)gImNB/I 5(p2q)\VB . This can
be simplified in a manner similar to Appendix B to obtain

WJ5
2

3

~2I 21!~2I 13!

5I 2 VQ
2 tc

2(
r 51

2
r 2/5

11r 2VB
2tc

2 , ~C8!

which in the short-coherence-time limit again simplifies
Eq. ~B11!. The magnetic-field dependence is the sum of t
Lorentzians whose widths depend on the coherence t
The validity of this formula requiresgimnB/I @3\VQ , or
v.

ys

n

hy

ett
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et
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B@1500 G, for 85Rb. It will also work well when the
pressure-broadened field width exceeds this value, wh
happens for85Rb at pressures greater than a few Torr. F
most spin-exchange optical-pumping conditions, Eq.~C8! is
an excellent and convenient approximation for estimating
effects of quadrupole relaxation. Much of our data for th
experiment was however taken outside the region of ap
cability of Eq. ~C8!, so we have fit our data to the full nu
merical solution rather than the high-field approximation.

It is straightforward to obtain an analogous expression
relaxation due to the nuclear spin-rotation interaction,

WJ5
2

3

~c8Jtc!
2

11VB
2tc

2
. ~C9!

Using the information from Table I, we estimate that t
spin-rotation coupling makes at most a 5% difference for
but is much more important for Cs and K.
ev.
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