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We discuss the relaxation of a spin-polarized alkali-metal vapor due to the electric-quadrupole interaction in
lEg 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 Na[21,22, K [23], repeated for C§24], and used to study
the small nuclear spin-rotation coupling i l&nd RB [25].
Spin-polarized noble gas¢$,2] have important applica- In addition to determining the linewidth of dimer NMR

tions in such diverse areas as magnetic-resonance imagignals, electric-quadrupole relaxation is also an important
[3], precision measurements with audio-frequency masergontributor to the spin relaxation of optically pumped alkali-
[4], neutron-spin filter§5], targets for high-energy electron- Metal atoms, though up to now no systematic studies have
scattering experimenfs], and surface and diffusion studies P&en done. In this work, by measuring spin-relaxation rates
[7-10. The noble-gas nuclei are typically polarized throughOVer & broad range of_ alkall-metal vapor density, buffer-gas
spin-exchange collisions with an e|ectron-spin-polarizeopressure’ and magnetic field, we deduce accu_rate.valt_Jes for
alkali-metal vapor. Since the efficiency of this process is Iim-the key parameters that govern spin reIax.atlon n S".‘g'et
ited by alkali-metal spin relaxatiof2,11], a thorough under- dimers. Thus, we find that the RB atom-dimer chemical-
standing of alkali spin-relaxation processes is a topic of conSXchange cross-section is 1735 A. and the root-mean-
siderable importance. In this paper, we present studies otuare electric-quadrupole interaction strength(ig/2m

atomic Rb spin relaxation-due to the electric-quadrupole in-_ 300=30 kHz in a singlet dimer. We find that the cross
o lp o q P section for a Rb singlet dimer to be reoriented by collisions
teraction i~ dimers.

Spin relaxation in alkali-metal vapors remains a complex —T———
and incompletely understood process, but a number of dif- o § S § 8' i IR
ferent mechanisms have been identified and studied. In order K - 05 “
to put this work into perspective, Fig. 1 summarizes our
measured Rb relaxation rates under a wide range of experi- T
mental conditiong12]. We see that, depending on alkali- 10554
metal density and buffer-gas pressure, relaxation may arise 83
from collisions with the buffer gagl3], alkali-metal—alkali-
metal interactiong[11,14-18, diffusion to the container
walls[13] or, at large alkali-metal density and low buffer-gas
pressure, relaxation in singlet dimers. Other mechanisms,
such as diffusion through magnetic-field gradiefit8] and
the formation of alkali-metal-buffer-gas van der Waals's
moleculeq 19] are too small to be significant in our experi-
ment.

Electric-quadrupole-relaxation studies in alkali-metal -
dimers were pioneered by Guptal.[20], who detected the |Wall < axa_t10n|/
nuclear magnetic resonanc®MR) signals from 3}
dimers in optically pumped Cs and Rb vapors. They found 10834 §
that the NMR linewidth depended on the molecular breakup &
rate, the chemical-exchange rate, and the rapid reorientation '
of the electric-quadrupole hyperfine interaction due to buffer- 1 10N 100 1000

- . » pressure (Torr)
gas collisions. They found large chemical-exchange cross
sections of the order of 100 A and cross sections for re-  FiG, 1. Summary of measured relaxation rates for Rbjradla
orientation of the rotational angular momentunof a few  function of N, pressure and Rb density, for a long 1.5-in.-diameter
AZ. The large chemical-exchange cross sections are consisell. The contours shown are relaxation rate at low magnetic field in
tent with detailed molecular-beam studies of atom-dimers—!. The text inserts show the region of phase space in which each
scattering cross sections. The NMR method was extended i the four relaxation mechanisms are dominant.
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100 5 Rb the relaxation rates due to singlet molecules for the three
atoms.
This paper is organized as follows. We begin in Sec. |
with a discussion of the properties of alkali-metal singlet
' dimers that are essential to this paper, namely, the electric-
quadrupole interaction and the exchange and breakup dy-
namics of singlet dimers in an alkali-metal-vapor/buffer-gas
mixture. This leads to the model of relaxation in singlet
dimers whose principal results are outlined in Sec. Il, and
discussed in more detail in appendices. Because our work is
closely related to the previous NMR linewidth experiments,
in Sec. lll we discuss the NMR linewidth in the context of
Cs our model. Our experiments are described in Sec. IV, fol-
lowed by comparisons to other work in Sec. V.

Ty (1/5)

~

Il. PROPERTIES OF ALKALI-METAL SINGLET DIMERS
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spin-polarized alkali-metal vapors (910 cm™3),

FIG. 2. Relaxation rates as a function of pressure due to quaioughly 1% of the alkali atoms are iS4 dimers, which
drupolar and nuclear spin-rotation relaxation in alkali-metal singletmakes them by far the dominant molecular species. Although
molecules, at an alkali density of ¥0cm™ 2. The Rb line is calcu-  the singlet dimer has no net electron spin, the nucleus is
lated from the results of our experiments; the K and Cs lines arsubject to depolarization via the electric-quadrupole interac-
estimates based on the numbers given in Table I. tion and, to a lesser extent, via the nuclear spin-rotation in-

teraction. These interactions couple the nuclear spin to the
, . dimer rotational angular momentum, to which polarization is
with N, is 12+2 A2, All of these measurements were per- ot in collisions. Fr?ae atoms are continually beri)ng associated
formed at temperatures near 500 K in vapors of natural iS04 dimer molecules, where their nuclei relax. Upon disas-
topic Rb abundance. We present here a detailed analysis gfjation from the molecule, either by collisional breakup or
quadrupolar relaxation that extends the work of Gugital.  chemical exchange, the atomic electron and nuclear spins
[20] and allows the relaxation rates to be calculated over geturn to spin equilibrium with other free atoms via the hy-
wide range of third-body pressures, Rb vapor pressures, argkrfine interaction and spin-exchange collisions. Thus rapid
magnetic fields. polarization transfer, plus the large density of singlet mol-

The results presented in the previous paragraph, and thecules, make nuclear depolarization an efficient means of
bulk of the information to follow in this paper, were obtained spin relaxation despite the relatively small coupling typical
from experiments at the University of Wisconsin, Madison.of nuclear interactions.

Extensive measurements and analysis of Rb spin relaxation In order to make quantitative relaxation-rate calculations,
due to singlet molecules have also been completed at Pringve need to know the singlet-dimer density. Given the diffi-
eton University. This work will not be described in detail culty of experimentally measuring this, we determine it from
here, but the final experimental results will be presentedthe atom density and a calculation of the chemical-
Further details are available in R¢R6]. equilibrium coefficient. Because this procedure depends sen-

A detailed understanding of singlet relaxation was essensitively on the molecular potential, we have attempted to
tial for our recent study of the spin-axis relaxation in alkali- cOnstruct the most accurate potential possible by starting
metal triplet moleculeB18]. It enabled us to separate out the With the ab initio calculations of Ref[27], scaling them to
singlet and triplet contributions to the relaxation rate for Rp,adree with reqent spectroscopic detgrmlnatlons of the dimer
a step that was essential for successfully isolating the eﬁecgmd!ng energ|ei28§f:3’aq and _matchmg them to the well-
of spin-axis coupling inf’Rb, triplet molecules. sFud|ed Iong-rapge potenpal; of Refs[31’33: Table | .

I . ives a convenient parametrization of the resulting potentials

We emphasize in this paper the quadrupolar relaxation 0?

or K, Rb, and Cs, as well as the most recent determinations
Rb atoms. Because Cs has a small quadrupole moment, agg[

o . binding energy an@g¢ coefficients.
K has a small electric field gradient, these atoms undergo Inding 9y 6 clents

. | ) . We numerically determined the energy eigenstates of
negligible quadrupolar relaxation at typical spin-exchanggnese potentials and from them determined the chemical-
optical-pumping densities of 1 cm™3. For Cs and K, the

) Lo N equilibrium coefficient as
spin-rotation interaction is comparable strength to the quad-
h2 r/Z

rupole interaction. For these atoms, the total singlet-molecule 1 1
relaxation, as compared to diffusion and other collisional kchem‘§ TMksT
processes, remains too small to make a significant contribu-

tion to spin relaxation under most conditions. Figure 2 showsn which mis the atomic mass, arfg, are J and the energy

> e BkeT(23+1) ()
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TABLE . Properties of'X ; molecules relevant to quadrupole B. The quadrupole interaction
relaxation.Dg shows the values of the experimentally determined
binding energies, in Hartreee.qQh is the quadrupole coupling
strength, whileQ)o [see Eq.(6)] gives a better relative measure of
the relaxation caused by the quadrupole interaction for differen
molecules. The relative importance of relaxation due to quadrupol
and spin-rotation interactions is given by comparison of the squares
of ¢’ (3% and{)q. The other entries parametrize the potential as
V(r)=coe Mo+ ciexg —{(r—ry)/r }2]—Cel(1—e ""2)/r15, in
atomic units, and the chemical-equilibrium coefficient in the form
IN(kepe)==a,T", whereT is the vapor temperature in K and the in which Q is the nuclear electric-quadrupole moment and

The electric-quadrupole interaction for a single nucleus of
spin | in a rotating singlet molecule takes the foiforigi-
ally due to Casimir and discussed in detail in R84], Sec.
-2)

[3(1-9)2+3(1-3)—1(1+1)I(I+1)
21(21-1)(23-1)(23+3)

Vo=—€qQ

units of *kcpemare cnf. q=(JJ|9?VI9z?|3J) is the electric-field gradient at the
nucleus in the stretched rotational state. Selected values of
K Rb Cs eqQh are given in Table I. A nuclear spin-rotation interac-
De 0.02028" 0.01820° 0.0163CF tion of the form[22,3
eqQh  —158 kHz 85:>-1100 kszd 230 kHz¢ Ver=c'(1-J) @
87:>—-580 kHz
Qof2m  29.7 kHZ 85:300 kHz* 14.4 kHz is also present. While it is much smaller than the quadrupole
87:290 kHZ* interaction for Rb(contributing at most a few percent to the
c' 72 Hz' 250 Hz' 101 Hz' relaxation, it is an important contributor to the relaxation for
¢’ (3% 5.5 kHz 30 kHz 16 kHz K and is slightly larger than the quadrupole interaction for
Cs 38139 4550" 63309 Cs, as shown in Table[R2].
Co 7.720 7.712 3.291 At temperatures suitable for this experiment, and for most
cy -0.1471 -0.0447 -0.3285 uses of a polarized alkali-metal vapor, the average dimer
ro 1.3579 1.3579 2.2000 rotational angular momenturd is greater than 100 The
ry -0.513 4.354 -0.800 first and third terms oV, are therefore dominant, allowing
r 6.707 4.979 7.597 Eqg. (3) to be simplified to
rs 2.4974 2.4974 2.9727 h0
a, 2.707 -4.6452 -7.9145 IR TR
a; -0.1781 -0.1470 -0.1426 VQ 3l I-3N=1)-1, ©
a, 2.551x 10 4 2.003x 10 * 2.043x10 4
as ~1.350<10°7  —1.005x10°7  —1.081x107  Where
aReferencd 29]. Qe — 3eqQh ®)
bReference 30]. QT g8(21-1)°
‘Referencd27].
dReferencd 33]. We will see later that in the important high-pressure limit,
®This work. the relaxation rate is proportional {62¢|?, multiplied by
Referencd 25]. factors that are approximately independent.ofhis makes
9Referencd 31]. Qg a better relative measure of the comparitive importance
"Referencd 32]. of the quadrupole interaction in different molecules than the

more traditional combinatioeqQ/#. For example, the val-

and rotational angular momentum of thié energy eigen- _ues_onQ from Table | readily explain the progression seen
state. Corrections for Fermi statistics of the nuclei in the!l F'g- ,2- ) oo )
homonuclear case are negligible. The density of singlet Itisimportantto pointout that the electric-field gradient
dimers[1A,] of alkali-metal specied is then given by the depends on the rovibrational state of the molecule. Under

law of mass action as most experimental conditions where quadrupolar relaxation
is important, the appropriate value gffor use in Eq.(6) is
[1A,]=Kepenf A2 2 the root-mean-square value averaged over the thermal distri-
217 Rche .

bution of molecular states.

Table | gives a parametrized fit ttk..(T) for K, Rb, and

Cs over a 350—600 K temperature range. The accuracy of
this assumedk.emdepends critically on the accuracy ofthe  As is known from NMR studies, several processes inter-
binding energy. Since we have scaled to the very accurateipt the coherent evolution of the nuclear spins under the
recent measurements, we estimate that our dedtkgd,, influence ofVq. Singlet dimers are formed and dissociated,
should be accurate to better than 10%. For reference, scalingidergo chemical exchange with free atoms, and, on a much
from the calculatedhb initio trap depth to the experimental shorter time scale, are reoriented by collisions with the buffer
one changesk.emby 15%. gas. Since the quadrupole interaction depends on the direc-

C. Dimer kinetics
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tion of molecular angular momentudn such reorienting col- TABLE Il. Some important atomic parameters relevant for qua-

lisions also halt coherent evolution. drupolar spin relaxation. The natural isotopic fractiorf,iand the
The singlet dimer binding energp~0.5 eV is much fraction of vapor polarization containe(_j in nuclei of each alkgli-

larger thankgT, so only infrequently will buffer-gas colli- meta[ species is. The Zeemap precession frequency for each iso-

sions transfer sufficient energy to cause dissociation. Thred2P€ 1¢2s and the nuclear spin is

body breakup and formation occur only rarely, and previous

work [36] is consistent with the requirement that each f ° Qgf2m (kHz/G) !
molecule undergo approximately e&p(/ksT)~10* colli- 3K 0.933 5/6 0.199 3/2
sions before dissociating. 4K 0.067 5/6 0.109 3/2
On the other hand, free alkali-metal atoms can be readily**Rb 0.72 0.78 0.411 5/2
associated into singlet dimers through chemical-exchang&Rrp 0.28 0.13 1.393 3/2
processes of the form Cs 1.0 21/22 0.56 712

A1+ (AAz)— (A1A2) +A;. (7)

=(vo(v)), where (v)=8kgT/7p and u is the reduced

This rate exceeds the three-body formation rate when thE1ass of the collision pair.
alkali-metal density exceeds approximately “%0of the
buffer-gas density. Chemical-exchange processes are particu-  ll. RELAXATION DUE TO SINGLET DIMERS
larly important for spin relaxation, since they replace par-
tially relaxed nuclei from the molecule with new polarized
nuclei from the initially free atom. There is no Boltzmann Each time an alkali-metal atom becomes part of a singlet
Suppression of the Chemica|_exchange process becausedimer, a fraction of its polarization is lost. We denote this
does not need to overcome the large singlet binding energffaction asW. Roughly speaking, therefore, the relaxation
Hence the chemical-exchange cross section is comparable fate for atoms in an optically pumped vapor will be the rate
the total gas kinetic cross section. at which the atoms are associated into singlet dimers via

In order to completely describe the molecular dynamics ofhemical-exchange collisions, multiplied by the fraction of
singlet dimers in a buffer gas, we need to include three-bod$he original angular momentum that is lost while in the
formation and breakup, chemical exchange, andlimer.
J-reorienting collisions. However, because the cross section Put more precisely, the atomic spin-relaxation rate due to
for reorientation is so much larger than for three-bodysinglet moleculed’s;,y, defined via
breakup, relaxation during a molecular lifetime is very small
whenever the buffer-gas pressure is high enough so that d(F2) = —Tgind(F2) (8)
three-body breakup is significant. In this high-pressure re- dt SInay =
gime, an individual atom is cycled through many singlet _ .
dimers before relaxing completely, so the relaxation rate de!here(F) is the expectation value of the z component of
pends only on the fraction of time spent in singlet dimers (0@l angular momenturf=1+S of the free atoms, can be
not the rate or mechanism of formation and breakup. There//tt€n as
fore, we simplify our treatment by ignoring three-body pro-

A. General model

cesses entirely. The resulting model introduces no significant Fsmg=[1A2]<oeva_A2>2 SW,, 9
inaccuracies as long as the alkali-metal density is above !
~10" em3.

where the sum is over the various isotopes ands the
ﬁaction of the total vapor spin angular momentum held by
C G H H “ H ”
nucleus and is the equivalent of the “slowing-down factor

To characterize the exchange procéss we define the
chemical-exchange cross section as follows; the rate at whi

a given member of dA, dimer is ejected by chemical ex- discussed in Ref.[13]. In the low-polarization, spin-

change is ]jex:[A].<0'exUAA2>/2- The faf:tor of 1/? repr.e.-. temperature limit, assuming isotopic fractiohs this yields
sents the fact that either atom may be ejected. This definition

of the exchange rate is consistent with R¢fl,24,37 but fil (1,4 1/2)%— 1/4]
differs from Ref.[20]. S = . (10
Similarly, we define the dimer-reorientation cross section 172+, f(l+ 1/2)2

as follows; the rate at which the quadrupole interaction in a

singlet dimer is subject to decoherence from collisions withF . .
S or natural K, Rb, and Cs, the appropriate values are given
buffer-gas specieB is 1/rJ=[B]<koBA2>. Because of the in Table II pprop 9

large values ofJ typical of singlet dimers, this collision-  Tg evaluatew, we break each atom’s stay in a dimer into
induced decoherence can be thought as the reorientation gfscrete periods of coherent spin precession. Coherence pe-
the classical dyadic (B1—1)/2 in Eq.(5). riods are brought to an end either by the atoms’s ejection

In the following, we will often refer to a cross section for from the dimer, or by a buffer-gas collision, which reorients
chemical exchange or reorientation. These cross sections the dimer’s angular momentum and changes the relaxing
are related to the relevant rate coefficient Hy)o Hamiltonian. As shown in Appendix A, we may rewrit¥,
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TABLE llI. Average fractional polarization los#/; for nuclei of  general, they do not have a particularly simple form and are
spinl due to the quadrupole interaction acting for a mean time  not applicable at high magnetic fields. It is therefore instruc-
The coherent evolution is ended either by a chemical-exchange cofjve to examine at a few limiting cases and approximations to
lision (occurring at rate I%,) or a reorienting collisionat rate  Eq, (9). This process also makes it clear how experimental
1/7;) and therefore ¥,=1/7,+ 1/7,,. W, is written in terms of  measurements can provide values for the three parameters
Lorentzian functiond. (x) = 1/(1+ 1/x?). T3, Toy, aNdQg.

We first consider the qualitative effect of a magnetic field

: Ws on the relaxation rate. As one might expect, coupling to the
3/2 2/8(4Qg7/3) field must be larger than the quadrupole interaction in order
5/2 32/108 (40 o 7/5) + 421 (80 7./5) to significantly affect the relaxation rate in singlet molecules.
712 5121 (40 7/7)+ 4/21L (80 7/7) + In addmpn, the presence of reorienting collisions gdds the

1/9L (120 7/7) more stringent requirement that the nuclear precession due to

the magnetic field must be large-(L rad) during a coher-
ence period for decoupling to occur. Otherwise, thmal)

in Eq. (9) in terms of the average fractional polarization lossPrecessions due to the field and the quadrupole interaction

during a coherence perioty;;, as simply add and do not interfere with one another. At high
pressures, we show in Appendix C that, in agreement with
(1+N)Wj, this argument,
Tyt (12)
1+NW;;
1-‘sing(o)

. . . . . I‘sing(B)% PP (12
in which N= 7.,/ 75 is the mean number of reorientations per 1+(2Qg73)

exchange collision.

Finally, we determinéV; theoretically by evolving the where Q=g u\B/I. The change irg, due to magnetic
nuclear-density matrix under the influence\t§, and aver- shielding in the singlet molecule is negligitI2s].
a_lging over thg exponer)tially di_striputed cpherence times. We This turns out to be quite a good approximation, even for
find an analytical solution, which is applicable at low mag-q,y pressures, although the exact field dependence requires a
netic field, and resort to numerical techniques for fieldsy,merical diagonalization of the complete Hamiltonian with
above a few hundred gauss. Since optical pumping is typipoth the magnetic-field and electric-quadrupole terms. Note
cally done at fields of less than 100 G, we expect that the, o+ the only unknown parameter in EG.2) is 7, which
analytic_al sqution_ will be sufficien_t for most applications. As \akes the field dependence an excellent way to measure the
shown in Appendix B, we may writé/, in terms of Lorent-  gecylar-reorientation rate. The more exact, numerical so-
zian functiond. (x) = 1/(1+ 1/x?), wherex is proportional to lution has this feature as well.
Qq7c. The exact form depends on nuclear spirand is It is also instructive to consider relaxation in the limit of

summarized in Table Ill. A discussion of the method tohigh and low buffer-gas pressure. In the zero-field, high-
determine the relaxation rates at high field is given inpressure limit €‘J<Tex,9<237'ﬂex<1) '

Appendix C.
In this paper, we treat the spin relaxation of each nucleus L
in the dimer molecule separately. Strictly speaking, the Fermi [FA2] < 2 (2Ii—D)(21i+3)

Lsing= s Q&7 (13

statistics obeyed by the nuclei introduce correlations between
the nuclear spins and the rotation of the molecule for homo-
nuclear dimers that need to be accounted for. Our model . o )
ignores these correlations, and therefore potentially errs i he relaxation rate is inversely proportional to buffer-gas
allowing for transitions between ortho and para states of th@réssure, varies with alkali-metal density denen Al and
homonuclear molecules in the vapor. However, since the to'S independent of the chemical-exchange cross sectiom-

tal Hamiltonian, including the quadrupole interaction, isSiStent with the assertion in Sec. | that the high-pressure re-
symmetric on interchange of the two nuclei, the matrix e|e_la}xat|on rate is independent of the dlm_er-formgtlon mecha-
ment for ortho-para transitions is zero even in a model wher@1Sm). Note that Eq(13) depends on the interaction strength
the Fermi statistics are ignored. The primary error in ignor-{}q and reorientation rate. Once the reorientation rate has
ing quantum statistics is in the distribution of rotational lev- P&n measured by observing the magnetic-field dependence,
els, an effect of little consequence at the high rotationafn® high-pressure relaxation rate provides a good measure-

quantum numbers 460) in our experiment. Extensive MentofQq.

[A] 4 3 512

analysis of quadrupolar relaxation by Happ&8], including In the low-pressure limit £;—x,Q0q7e,>1), W ap-
Fermi statistics, explicitly confirms the appropriateness ofPfoaches a constant: 2/5 for a s8#2) nucleus, 52/105 for
approximations we have made here. spin 5/2, and 34/63 for spin 7/2. The relaxation rate therefore

becomes independent of buffer-gas pressure and depends on
alkali-metal density ask.nen{ A]?. Note, however, that the
relaxation rate still depends on the chemical-exchange cross

The equations presented above are valid at all buffer-gasection, which makes low-pressure studies an excellent way
pressures and alkali-metal densities abové![dn 3. In  to measure this parameter.

B. Limiting cases

052717-5
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proximation N>1 (but not necessarilNW;>1), and the 3 A2

relaxation rate becomes \
) A4 | P :
A W,/ C pump
r [*A2] 2 Jil Ty (14)

sing= TAT 4 STENW;

At pressures above about 1 Torr, we can make the ap- Ki

The transition between the high- and low-pressure regimes p:fbe
occurs when the terms in the denominator are equal—that is, &
at a characteristic pressure whete= 7.,W; . Substituting in § p turned off
for W;, and noting thaf)7;<1, we see that the transition g Exponential pol-
occurs wher2 g 7e,m3~2/3. This result shows that the char- g arization decay
acteristic pressure is inversely proportional to alkali density. §
This feature depends on all three unknown parameters and é . - : . :
provides a good consistency check for our model. 10 20 30 40 50
time (ms)
IV. RELAXATION IN NMR EXPERIMENTS FIG. 3. Diagram of experimental apparatus with sample time-

Lo A . . dat&, shutter;C, cell with / ifold.
Because of its importance in interpreting NMR experi- sequence datd shutter:C, cell with vacuum/gas manifo

ments, in particular for determining the width of molecular ] S ] ]

NMR lines, quadrupolar relaxation has been well studied if\MR linewidth it becomes the dominant broadening mecha-
many different context§39]. For alkali-metal dimers, the Nism at sufficiently high pressures.

key features were illuminated in Ref20] and we review
those here.

At sufficiently high pressure, relaxation is hindered by
rapid reorientations of the molecular angular momentum dur- We measure the spin relaxation rate using the apparatus
ing collisions with the buffer gas. This case is addressed fodepicted in Fig. 3. A stainless-steel céll.5 in. diameter,
liquids in Ref.[39], Sec. VIIIKb)(3), so the derivation as- 2.25 in. length contains saturated alkali-metal vapor that is
sumes that the reorientation is so rapid that even the molecunixed with N, buffer gas. The cell has pyrex windows af-
lar rotation is hindered. In gases at pressures of tens of afixed using knife-edge gaskets in the manner of R&d] and
mospheres or less, the relaxation is averaged over the rapid attached to a vacuum/gas manifold that allows th@iés-
rotation of the molecules. The effect of the averaging is tosure to be varied. The cell is contained within an oven with
reduce the relaxation by a factor of 4, as explained in Seaptical access. The oven temperature determines the alkali-
VIII G (a) of Ref.[39]. The high-pressure relaxation rate for metal vapor density, which is measured using Faraday rota-
nuclei in a singlet moleculéor equivalently the quadrupolar tion (as explained beloywith an estimated accuracy of bet-
contribution to the NMR linewidthis thereforg20,39 [see  ter than 20%441]. The oven is placed between the pole faces

V. OVERVIEW OF EXPERIMENT

also Eq.(B1D)] of a 6-kG NMR magnet which has been modified to allow
optical access along the field axis.
1 3 21+3 [eqQ\? Our measurements are performed by optically pumping
T_QZEJIZ(ZI——J_) B the vapor with a strong~4500 mW), circularly polarized

beam from an Af-pumped titanium:sapphire laser. The
2(21+3)(21-1) , 2, beam size is chosen to roughly match the fundamental diffu-
3 T Q7™ §QQTJ- (19 sion mode of the cell. We then rapidly turn off the pumping
light and measure vapor polarization as a function of time
Note that the relaxation rate is inversely proportional toWith a weak 100 uW), linearly polarized probe beam.
buffer-gas pressuréthrough the factorr;) at sufficiently Both beams were tuned typically to 500 GHz from either the
high pressure. Py, or the P3/, resonance.
In addition to the quadrupolar contribution to the NMR ~ The vapor-polarization measurements take advantage of
linewidth, chemical-exchange collisions, and third-bodyPolarization-induced birefringence. At large detuning, an
breakup collisions become important at high pressures. Thelkali-metal vapor of density[A] and polarization P

the NMR linewidth becomes =2(S;) causes the probe polarization to rotate by an angle
[12]
1
ov= T_Q+[A]<0'evaA2>+[B]<UbUBA2>a (16) . [A]Iez< L . )P -
©o6me \Ag, Ay

where (opvga,) is the rate coefficient for breakup of the

singlet molecules in collisions with third-body atoms of den-
sity [B]. Whereas for atomic spin relaxation the third-bodyin which | is the probe path length through the vapor and
breakup process can usually be igno(see Sec. | forthe A, Ag, are the detuningén Hz) from the Py, and P3j,
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FIG. 4. Measured Rb relaxation rate as a function of magnetic FIG. 5. Measured zero-field relaxation rate as a function of in-

§ — 5 —3
Tleld at[Rb]=1.45x 10° cm and NZ pressure of 6.09 Torr. Thg verse buffer-gas pressurePland Rb density. This shows how the
insert shows the approximately linear dependence of the field-

. . A relaxation rate in singlet dimers transitions from a region of inverse
decoupling width on buffer-gas pressure. This indicates that th . -
: . . . dependence t® independence at a characteristic pressure of a
duration of coherent relaxation according to E8).is cut short by . ; .
o ; - - few Torr. The fits are to numerical solutions of E¢8), (10), and
collisions with the buffer gas. The solid line shows a fit to the (11), and primarily constraim, andQ
numerically determined predictions of Ed9), (10), and(11). ' P y ex Q-
havior is essentially as described in Sec. lll, although instead
resonances. This is in addition to any magnetic-field-induce@f approaching a constant at low buffer-gas pres§yrehe
Faraday rotation. The rotation is detected using the balance@laxation rate continues to increase at approximately
detector shown in Fig. 3. (530 sH/P (P is in Torn. We believe that this extreme
A typical relaxation transienfvapor polarization vs time  low-pressure behavior is diffusion to the cell walls. If we
is shown in the inset to Fig. 3. Note that it is usually impos-assume that this additional low-pressure relaxation repre-
sible to achieve an adequate signal-to-noise ratio with ongents the decay of the lowest diffusion madee Ref[13])
relaxation transient, so most of the data are actually an aveff the cell, we obtain a diffusion coefficient for Rb i, f
age over hundreds or thousands of transients taken with idef-22 cnf/s, which is in fair agreement with the previously
tical cell conditions. The polarization decay is always well Published value of 0.33 ctts [42].

fitted by a decaying exponential, and the inverse of the ex- Ve therefore fit the measurements in Fig. 5 to a function
ponential time constant is the relaxation rate. of the formI'=1'gj,o+a, +a,/P with the additional terms

As described in Sec. Ill, we have used such re|axation_representing alkali-metal—alkali-metal relaxatiph7] and

rate measurements to determine the cross Seaigns o, diffusion. These are the fits shown in Fig. 5. Note_that the
and the quadrupole interaction strentl . Figure 4 shows model accounts very vyell for the observed relaxation rates

le of ts of Rb .I tion ina over a factor of 100 in pressure, and a factor of 10 in
a sample of our measurements o relaxation gnas a gy, density. As described in Sec. lll, the combination of
function of magnetic field. The main part of the figure shows

ow- and high-pressure behavior constrains b and
a typical field decoupling and the insert shows that the fiel and w?e 1Ei)nd the best fit foraex=173(gg})( J

idth ies li | ith buffer- i _
mth Eva?lezs) inearly with buffer-gas pressure in agreementy ¥/ —300(30) kgz for SRb, and Q27
g.(1o. ) =290(29) kHz for °*/Rb. Note that since the ratio of the
These field-dependence measurements are especially gaadrupole moments is well knowrQgs/Qg-=2.07), and
vealing because the field decoupling width depends only ofhe field gradienty is essentially independent of isotope, we
the reorientation cross section. Using E(sl) and(C5), we  know from Eq.(6) thatQg5/Qg,=1.035. The two values are

deduce thatr;=12(2) AZ. Similar measurements to Fig. 4 therefore not independent and we maintained this ratio while
were taken at alkali-metal densities between 2.5doing the fit.

x 10 cm 3 and 3.0<10'° cm 3. The field widths show Because of the much smaller quadrupole relaxation in K
no dependence on alkali-metal density at these high alkaliand Cs(Fig. 2), similar measurements in those alkali-metals
metal densities. The field dependence is not affected noticeare difficult with our current apparatus and we did not pursue
ably by triplet dimerg17,18 below pressures of about 25 them.
Torr.

Figure 5 shows our measurements of zero-field Rb relax- VI. COMPARISONS AND CONCLUSIONS
ation in N, in the transition region between the high- and The key parameters deduced from our measurements are
low-pressure regimes described in Sec. Il. Note that the besummarized in Table IV. Included for comparison are results
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TABLE IV. Comparison of measured parameters with other ex-has been recognized befofsee Ref.[33] and references
periments. The cross section for reorienting the rotational angulagherein, that the interaction strength, varies with the mo-

momentum iso;, the cross section for chemical exchangeis,  |ecular rovibrational state. The result of Logenal. must be
and the rms quadrupole-coupling strengtiefined in Eq.(6)] is  interpreted as the statistically most likely value of the inter-
Qq. action strength, whereas the spin-relaxation experiment mea-

sures the root-mean-square value. We also note that due to

Parameter Value Method Ref.  certain experimental artifactliscussed in Ref[33]), the

o,(Rb,N,) 12+2 A2 Spinrelaxation Thiswork Loganetal. res_ults were intended only as a lower bou_nd on
71 A2 Spin relaxation [26] Qq. Rb.was smgleq out as a case where the experimental

ooy (Rb-Rb) 173+35 A2  Spin relaxation This work Proadening was particularly severe. Thus we do not feel that
193 A2 Spin relaxation [26] our experimental results are necessarily in conflict with the
193 A2 Theory This work  Loganet al. results.

In conclusion, we have measured spin relaxation in alkali-
metal singlet dimers, and have developed a model that accu-
rately explains these results. This model allows prediction of
relaxation rates in other alkali-metal and buffer-gas species,
and at all alkali-metal densities, buffer-gas pressures, and
from previous experiments, which we now discuss magnetic-field strengths. In addition, comparison with ex-

The electric-quadrupole interaction has been studied prg2€rimental measurements gives interesting quantitative infor-
viously and values forre, and o, inferred by observing the Mation about microscopic dynamical processes taking place
dependence of NMR linewidths on experimental conditionsin the vapor.

The first such experiment, by Gupét al. [20], quotes ap-

proximate values for Cs in Ne that are similar to ours in ACKNOWLEDGMENTS

order of magnitude. Subsequent work on [192,21], K [23], This work was supported by the National Science Foun-
and Cs[21] gives similar values as well. None of these yation. We thank W. Happer for his original suggestion to

works used Rb and are therefore not directly comparable tg,yestigate the magnetic decoupling, and careful reading and

this experiment. _critique of the manuscript.
Atom-dimer exchange processes have also been studied

using colliding atomic and molecular bearfusually of un- APPENDIX A: RELAXATION FRACTION DURING

like specieg [43], and yield cross sections similar to our A DIMER LIFETIME

measurements. We have performed classical-trajectory

Monte Carlo modeling of atom-dimer exchange collisions This appendix describes our calculation of the average
using the trimer potential of Reff44] scaled to reflect recent fractional polarization los$V during the period an alkali-
dimer binding-energy datésee Sec.)l Because of the large metal atom is bound in a singlet dimer. The polarization loss
angular momenta typical of these collisions, a semiclassicdb caused by the electirc-quadrupole interaction, although co-
calculation should be sufficient, and the reliability of theseherent relaxation is typically interrupted many times by
results is probably limited by the quality of the trimer Born- buffer-gas collisions that reorient the direction of the dimer’s
Oppenheimer potential. We predict a chemical-exchang@ngular momentum. The task in this appendix is therefore to
cross section of 180 Ain K, 193 A%in Rb, and 210 Ain write W in terms of the average polarization loss during a
Cs. This work compares favorably to our measurements a&oherence period, which we refer to 4%, and which we
well. See Ref[45] for a similar calculation. derive in Appendix B.

A very direct comparison can be made between the ex- If an atom undergoeN coherence periods before exiting a
periments described here and the previously unpublished rérolecule, then the fraction of polarization remaining is
sults of the Ericksofi26], shown also in Table IV. Erickson’s —(1—W;)"]. Note that because decoherence events are ran-
results for the chemical-exchange cross section agree wellomly distributed in time, setting a fixed value fbir does
with the results of Kadlecek, especially considering that abnot change the distribution of coherence period lengths that
solute Rb density measurements are required. Similarly, thwill be used for calculatingV,;. Note also that in order to
deduced values df) are in good agreement. On the other assume that eacW, is the same, we must assume that the
hand, the deduced values fer;, which are determined Spin-temperature density matrix remains a good description
mainly from the magnetic-decoupling widths, disagree byof the actual density matrix at the end of each coherence
about 40%, a surprisingly large value. We have not been ablgeriod. We shall see in Appendix B that this is the case at
to reconcile this discrepency. zero magnetic field.

There has also been one previous measuremeftpf Now, if P(N) is the probability of getting\ coherence
This measurement, made by Logenal. in 1952[33], used periods before leaving the dimer, the average fractional po-
molecular-beam methods to measure the quadrupole enerdgrization lossW is
splittings directly. Their quoted valudgranslated using Eq. o w
(6)] areQo/27m=103 kHz, about a factor of 3 smaller than _ (1 N_ 1 _ _ N
what we r?ave deduced in this work. w Nzl PIN[1=(1=WyTJ=1 Nzl PINJL=Wo)™

This discrepancy may be partially resolved by noting, as (A1)

V22w (*¥Rb) 300=30 kHz  Spin relaxation  This work
250 kHz Spin relaxation [26]
Qol2m (®°Rb) >103 kHz  Molecular beam  [33]
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To evaluateP(N), we simply integrate over all possible =dr "
molecular lifetimes and coherence times while maintaiming PF:®EUJ0 - € e M Tpoe! T (B2)
coherence periods. Thus one can show that ¢

The Hamiltonian includes both the quadrupole interaction

=dty o, (udt; and a Zeeman interaction with the applied laboratory mag-
= —= 1/Tex ——p /1y, .. a
P(N) 0 Texe 07 € netic field. ® g, denotes an average over Euler anglesJor
We assume that evolution begins with an axially symmetric
ftl_tz_"'_thl (et et OIN density-matrix distribution
X e N7 IxTh2 N TI——
T,
° ! 1 3(1,)1, -
1 (= t— oty PO 11|~ 1+’ (B3)
= ﬁf dt e‘tl’%f dt,- - f dty
TexTJ 0 where z denotes the direction of the laboratory magnetic
field, and we have assumed that the higher moments of the
N 7oy~ )f dt,e tl”cf dtzf dts- - density matrix can be neglected, as is valid for high-spin
temperatures.
N1 It is convenient to evaluate E¢B2) in the basis of eigen-
X fo dty statesm’} of H with eigenvalues,,, ,
(N—1) N 1 ’ ’ =dr H ’ ’
NI ty ] t Tex T3 {m |p|:|n }=0g, | —exd—7/rc—iony{m |p0|n }
=1U(7eyry 7) | dtje 2’7 T= 0 Tc
0 (N_l) (Tex+TJ)N , ,
{m’|po/n"}
(A2) =0g— (B4)
(1+Iwm/n/7'c)
and therefore that wheref oy =En — E, . Transforming back to the labo-

ratory basis,
Tex(1—=Wj)

TextT T3

N (1 (N)W,

1+<N>WJ (A3) PF:G)EUE |m }{m |p0|n }{n |

(B5)

1+iwg e

in which (N)= 7¢,/7; is the average number of reorienta-  The derivation thus far is independent of the form of the
tions before an exchange. interaction and may be solved, in general, numerically. In the
rest of this appendix we neglect the magnetic field. In this
case, it is clear that the transformation that diagonalizes the
quadrupole interactioNq is the rotation to the primed sys-
temz’'=J. The Bohr frequencies are

This appendix details our calculation of coherent nuclear
relaxation of a single nucleus contained in a singlet mol- Qg
ecule. We show that, for small applied magnetic fields, the “’m’n’_|_(
fraction of polarization lost during a periog, of coherent
evolution can be written as a Lorentzian function of lfor ~ The diagonal density-matrix elements in the laboratory basis
nuclear spinl<3/2, or as a sum of Lorentzians for higher are

APPENDIX B: RELAXATION FRACTION DURING
A COHERENCE TIME; B=0

r2 /2) (BG)

spin.
Coherent evolution is interrupted by molecular reorienta- pan{mM Hm’[n)}{n|n"}H{n’|m)
tion and chemical exchange, which are both random colli- Prmm= O ey 2 1+i :
sional events. We therefore expect that the nuclear spin will mnn @m'n’ Te (B7)
be allowed to evolve coherently for a duratierdistributed
as The bra-ket inner products can be written in terms of Wigner

D functions, and reduced by the Clebsch-Gordan sé¢fiés
1 to ease the angular integration,
P(7)= T—e*f’fc (B1)
Cc
P I I [
PFmm— 2 LG)EU(Dmm’DnTn’Dnn’Dr:n’)

in which 1/r.=1/7;+ 1/7.4. The density matrix after a pe- m'n'n LT O 7

riod of coherent evolution should therefore be averaged over 2= [gimny2 [ij "+n’ 12
period durations and a random distribution of molecular ori- - Pn( ) Imin fm’in’
entations] as jnn'm’ 1+i@mn7e 2j+1
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Note thatS,n[CIm"\"? is proportional tam for all j,m. This 1.0
ensures that in the low-polarization limit, if the density ma-
trix begins in a spin-temperature distribution, it will remaina g
spin-temperature distributiofalbeit at a different tempera-
ture) to start the next period of coherent evolution.

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

0.4
~
Spin-Temperature™ <
zm: mmem) / ( Em: mPOmm) . (B®) Approximation TS
0.2

W;(7e)=1-

In the low-polarization limit[Eq. (B3)], and using Egs.
12.1(8) and 8.731) of Ref.[46], this becomes 0 10 20 30 20

Coherence Periods

| 2
1 1 1
Wy(1o)= > _@mnTc i 2 [Clm&n [ ] FIG. 6. Test of the spin-temperature assumption for reorienta-
mn=-1 1+ wmn C = o tion of a spin(5/2) nucleus at nonzero magnetic fiel@gr=2.0).
| 2 2 2
®OmnTc [Cln minl o] Bl
= : B9 _y,._ DENE
o Trel? 271 (B9 H=Vo————, €y

ThusW; is a simple Lorentzian function of 4/ for nuclear  where the magnetic field is presumed to lie alongzlais.
spinl<3/2, or a sum of Lorentzians for higher spin. We find If we denote the eigenstates Hfas|p} with energiesE,,
it convenient to write the terms out explicitly for half-integer the time-evolved density matrix becomes, in analogy to Eq.

spins as (B5),
(21007, /1)? [P} {plpolaHal
W;(ro)=2, C ; B10 =0 TP C2
(7o) 21 '1+(2|QQTC/|)2 (B10 PF E“% 1+iopqr, €2
where the coefficients, are given explicitly in Table Il1. The fraction of spin lost during a coherent precession is
Note that for short coherence times, EB9) reduces to
(10— (I2)F
2 (20-1)(21+3) , , Wy=—"15 (3
WJ(TC):gTQ’QTC’ (Bll) z/0
2 2
in agreement with Ref.39]. In the limit of long coherence S {pllzlq}{qlpolp}wquc’ (C4)
times (low pressurg P 1+ whqTe
. =123 which, using Eq(B3), becomes
WomY) 5 149 ) (B12) 0.3 3{pllaMallp} wpare -
3 AaFn” 1=3/2,5/2-- U 1(I+1)(21+1) 1+wqu§

W; is less than 2/3 for half-integers becauserire1/2 and  Thus we numerically solve foW; by finding the numerical
m= —1/2 states are degenerate and therefore do not contrilgigenstate$q} and energie&,, finding the matrix elements
ute to the relaxation. of I, in that basis, and apply the.-dependent factors.

In contrast to the zero-field case, we do not necessarily
find that the density matrix can still be described by a spin
temperature at the end of a coherence period. However,

The previous appendix gave analytical results for the sinMonte Carlo simulations suggest that the spin-temperature
glet relaxation at zero magnetic field. When the magneti@assumption remains reasonable at moderate field strengths.
field cannot be neglected, the eigenstates of the HamiltoniaAn example of the difference between the spin-temperature
are not simple enough to allow for analytic formulas to beapproximation and keeping the full density matrix is shown
calculated forW;, except in extreme cases. In particular, inin Figure 6.
order to analyze the data of Fig. 4, we find it necessary to When the Zeeman interaction strength is much greater

APPENDIX C: MAGNETIC-FIELD DEPENDENCE OF W,

find W; numerically. than the electric-quadrupole interaction, we can use pertur-
In the presence of a magnetic field, the Hamiltonian forbation theory to evaluate E(C5). To first order inVq, the
one of the nuclei in the molecule becomes perturbed states are
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B>1500 G, for ®Rb. It will also work well when the
pressure-broadened field width exceeds this value, which
happens for®®Rb at pressures greater than a few Torr. For
most spin-exchange optical-pumping conditions, &) is

an excellent and convenient approximation for estimating the

la}=1q >+Ek< | °|q> (C8)

andW, becomes, to second order ¥y,

372 (p—)2[(p|Vola)|? effects of quadrupole relaxation. Much of our data for this
W,;= [(1+1)(21 + 1)A2 ®Eu2 1+ w2 2 , experiment was however taken outside the region of appli-
@opqTe cability of Eq. (C8), so we have fit our data to the full nu-
(C7) merical solution rather than the high-field approximation.
where i wgpq=— (P—0)9,4nB/I =(p—)%iQg. This can It is straightforward to obtain an analogous expression for

be simplified in a manner similar to Appendix B to obtain elaxation due to the nuclear spin-rotation interaction,

r2/5
1+1202:2

2(2-
73

1)(2|+3
5|2

2 (c'Jry)?
52 (CH W= ﬂ (C9)
3 1+QB7'C
which in the short-coherence-time limit again simplifies to
Eqg. (B11). The magnetic-field dependence is the sum of twoUsing the information from Table I, we estimate that the

Lorentzians whose widths depend on the coherence timepin-rotation coupling makes at most a 5% difference for Rb

The validity of this formula requireg;u,B/1>3%q, or

but is much more important for Cs and K.
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