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We present theoretical calculations of thermally averaged elastic cross sections and spin-relaxation
rate coefficients in the temperature range 0.13@0 wK for magnetically trapped, doubly polarized
cesium atoms. The calculations reproduce the recent experimental results of éiradit(1997)
and Sadinget al. (1998) for cases where the’Y, ground state potential of €possesses a large
scattering length|4;| > 35 nm) and the magnitude of the second-order spin-orbit interaction is scaled
to reproduce room temperature scattering data. [S0031-9007(98)06865-3]

PACS numbers: 34.50.—s, 32.80.Pj, 33.15.Pw, 34.50.Pi

The trapping and cooling of ground state alkali atomscoupling between the electronic and nuclear spin, the
are the subject of extensive experimental and theoreticaleeman interaction to describe the coupling with an
interest. The low energy, long-range collisions whichexternal magnetic field, and th1é12+ ABO potential.
occur in these gases provide an ideal opportunity foFor collisions between doubly polarlzed atoms, XH@*
studying weak atom-atom interactions, and evaporativgotential has little influence on the elastic cross section
cooling of these atoms is the demonstrated route to Bosend thetotal spin-relaxation rate coefficient, defined by
Einstein condensation. Bose-Einstein condensation of Rihe sum of all rate coefficients from inelastic processes
[1], Na [2] and Li [3] atoms has led to both experimental where one or both atoms have changed spin state. This is
and theoretical studies on the properties and means fdfecause the entrance channel for a collision between two
manipulating coherent matter waves. doubly polarized atoms labeledandb, with fa + fp =

Recent experimental efforts to achieve Bose-Einstei and m, + m, = 8, possesses onlyﬁz character
condensation of ultracold doubly polarized cesium atomsand coupling to other channels, through spin-spin dipole
where both the nuclear and electron spin are aligned witind second-order spin-orbit interactions, is weak. Here
the applied magnetic fiel#, have measured large elastic }a =1, + 5. denotes the total spin of atom, where
collisional cross sections [4], approaching the maximuny, (magnitude= 7/2) is the nuclear spin ang, is the
permitted for ans-wave process, and large spin-relaxationelectron spin.
rate coefficients [5] which are much greater than for other The 433, and X!S molecular potentials are based
alkalis. At the atomic densities used in these experimentgn ab initio calculations from [10] for internuclear sepa-
the large spin-relaxation rate coefficient turns out torationsR < 20ay (1ay = 0.059177 nm). ForR > 20ay
inhibit the formation of a Bose condensate of doublywe combine the exchange potential of [11] and the long-
polarized Cs. range multipole potential including retardation corrections

Spin-relaxation at room temperature and above (300{12]. The potentials are not known with sufficient accu-
500 K) is also important to new medical imaging technol-racy to yield ultracold scattering properties such as the
ogy [6] that uses spin-polarized rare gas nuclei prepared bycattering length. To obtain results consistent with the
spin-exchange with spin-polarized Rb or Cs atoms [7]. Inexperimental data we systematically vary th&, short-
this paper we explain both ultracold [4,5] and room tem-range potential similar to [13]. This procedure modifies
perature [8,9] experimental Cs observations of elastic crosge threshold phase or alternatively the position of the
sections and spin-relaxation rate coefficients. We do thifast bound state in the®3, potential. The short-range
by restricting the range of scattering lengths for #&,  form of the 433, potential, V5(R), is modified using the
adiabatic Born-Oppenheimer (ABO) potential and includ-paramete; defined by
ing a second-order spin-orbit contribution that is signifi- | s, . —5 2
cantly larger than the usual spin-spin dipole contribution. V3'(R) = V3(R) + 85 X 107°(R — R)", R<Re,

In addition to the above described interactions, the (1)
multichannel scattering Hamiltonian for two colliding where R, = 11.844, is the minimum of thea3, po-

2§ Cs atoms valid at room and ultracold temperaturegential. A near-zero energy scattering calculation for the
requires the atomic hyperfine interaction to describe thacattering length of thd/3 potential shows a narrow
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resonance im; versusd; at 83 = 0.92, where thea33, classical trajectorR(r):
scattering length approachedor 65 below 0.92 and-o 1 [
for 63 above 0.92. This resonance occurs as a bound o(D) = —] dt D[R(1)d3,[(1)] (5)
state supported by;" moves through the dissociation hJ
threshold as the potential is made shallower. This patand ¢(¢) is the instantaneous collision angle measured
tern repeats itself as additional bound states are added with respect to the direction gi. The Wigner function
removed from the potential. In the following we use theis d3y(¢) = 3cog ¢ — 1)/2.
scattering lengtii; to describe our results instead of the Using this procedure and thab initio estimates for
unphysical parametes;. The X' potential is modi- D(R), the room temperaturery, is 0.11 X 107'° cn,
fied in a similar manner but, as explained above and commuch smaller than measured in Ref. [8]. To correct for
firmed numerically, we find no observable dependence athis discrepancy the magnitudé of the second-order
the elastic cross section and ttaal spin relaxation on spin-orbit interaction in Eq. (3) is scaled by a factor
this parameter. Hence further discussion of the effects off 4.0 = 0.5 to provide a calculatedry, in agreement
the X' potential is omitted. with the room temperature experiment [9]. This scaling
For lighter alkali-dimer systems the spin-relaxation rateprocedure is allowed as the magnitude of the exponentially
coefficient is likely controlled by the spin-spin dipole decreasing interactio®(R) near the smallR classical
interaction [14]. However, in heavier atomic systems,turning point § = 10ay) dominates the spin-relaxation
contributions from the second-order spin-orbit interactiorrate coefficient. Note, however, that a recently observed
become important [15], such that in Rb the spin-spin dipoleoom-T" magnetic field dependence for Rb [16] and Cs may
and second-order spin-orbit contributions were estimatednply a somewhat smaller scaling factor. Nevertheless, we
to be of the same magnitude but opposite sign. Followindix the scaling factor to 4.0 in the remainder of the paper.
[15] we write the second-order spin-orbit interaction as a In contrast to the room temperature calculations a
spin-spin dipolelike term with an exponential function thatquantum mechanical calculation is necessary at ultra-cold
is characteristic of exchange interactions. In atomic unitéemperatures. The calculation is similar to that described
(me. = ¢ = h = 1) the effective spin-spin dipole term is in Refs. [15,17] and includes rotational, spin-spin dipole,

then hyperfine, and magnetic field induced Zeeman interactions
H, = D(R)[s. - GRR — 1) - sp]. (2)  using symmetrized molecular channel states. These are

HereR is the direction of the internuclear axis, and denoted byla; B; {m), where a(p) are eigenstates of
D(R) = —a?(1/R? — Ce BRR) 3) the hyperfine and Zeeman interactions with projections

. , . m, (mp) on the space fixed direction of the magnetic
wherea is the fine structure constant. The latter term INgald and ¢ is the orbital angular momentum of nuclear

_Eq. (3) ?S the contri_bL_Jt_ion from the secc_)nd-orders_pir_l-orbitmtation with projectiormy. At zero magnetic field this
interaction. Anab initio calculation using only a limited basis reduces td f,my: fymy: Cme), where f, is the
a as > L/ a

number of excited states providesasecond—orderspin—or%tal atomic spin with projectionn,. The weak spin-
interaction withC = 0.02249 a.u. ( a.u.= 4.359745 X dipole interactions,, couple channels witll’ = ¢, ¢ +

—18 — —1 —
IOTh . B = 0‘830?.0 i alngS._ ll()ao ,E.lS]' o2 "esulting in an infinite number of coupled equations.
€ zero-magnetic-lield spin-relaxation cross SeCUof}, v, ately contributions from incident channels with>

fzo(r) 3p82a|>|2’ 1%u_rgp§g12(3[z] a;ﬁgsre?:te;?Iorr:etgrggsedségr?olsz are strongly suppressed at ultracold temperatures due
b'e 2_3 L 0.5 X 1016 cn? [9]. The pr)(/ecise procedure to centr.ifugal barriers and quantum threshold effect.s,l o)

f : " N t" th Hici t' that i . the basis expansion can be truncated. Further,_colhsmns
of extracting e coelticients that parame M2 IS ._between doubly polarized Cs atoms for odd partial waves
discussed in detail in Ref. [39]. Briefly, the procedure 'Sare absent due to nuclear symmetry. The construction of

as follows: The need for many pa_rtlal waves at roo he matrix elements and scattering equations in this “field”
temperature suggests that a classical treatment of trbe

g . 2= ) asis and their relation to the commonly used Hunds
collision trajectories is appropriate. Moreover,_ pecaus%ase (a) and (e) bases is lengthy and will be described
of the few-picosecond duration of binary collisions at

elsewhere [18].

rqorr|1 terr}lp')e.ratu're, the”proobgf)lllty gftf]pln relaxaélondln a This set of coupled Schrédinger equations is solved for
single collision is small £0.01) an US SECond-order oach valuev = m, + my + me, which is the only con-

time dependent perturbation theory is used to CaICUIa.tgerved guantum number for collisions in a magnetic field,
the cross sections. The thermally averaged cross Sec“%ing computer codes based on the Gordon algorithm
Tth = g’aié<v>} tW'th Iv the Fe'a“"f‘ velocnyt, IS thgn [19]. This potential following algorithm uses large steps,
glv”g‘n. y the '|n3€e.gra OVEr impact parametgss an where the intermolecular potential is slowly varying, mak-
collision energie IE ing it particularly suitable for the study of ultracold col-
o = 377/2f G o ~E/KT dE[ pdp |¢(D)|2, 4) I|S|on_s, where mte_gratlon Qut t& > 10000ay may be
required. Scattering matrix elements for each scatter-
where the phaser(D) is the average of the spin-spin ing length are calculated at over 100 energies between
: b - averag €SP _
dipole and second-order spin-orbit interactions over theZ/k, = 0.001 and 1300 wK (where k;, is Boltzmann’'s
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constant) to provide thermalized elastic cross sectionpotential. Thus the cross sections for potentials with
o and spin-relaxation rate coefficier®§7) = (vo) be-  larger scattering lengths reach threshold behavior, where
tween 1 and00 wK converged t@%. kA; < 1, at much smaller temperatures.

In Figs. 1 and 2 we compare our theoretical calculations For the unthermalized elastic cross sections the contri-
for the elastic cross section at 0.4 mT and spin-relaxatiobution from d-wave scattering rises rapidly fdt/k, >
rate coefficient at 0.15 mT with the experimental results75 wK while the contribution froms-wave scattering de-
of [4] and [5], respectively. The theoretical results includecreases to zero d&/k, =~ 200 uK. This rapid decrease
all s- andd-wave contributions and require the solution of of the s-wave contribution is not compensated by the in-
28, 16, 9, 3, and 1 coupled equations for a tdtal= 6, crease in the/-wave contribution. The end result appears
7, 8, 9, and 10, respectively. The results for differentin Fig. 1 as a broad minimum in the total thermalized
Vi' potentials with negative/positive scattering lengthselastic cross section arourel50 wK. An exception to
are denoted by dashed/solid lines. Calculations using #his behavior is the elastic cross section far= 100ay.
shallower exchange potential or using a different longdn this instance, five distinct/-wave shape resonances,
range dispersion potential, such as that of [20] whichassociated with the five doubly polarized channels la-
possesses a van der Waalg coefficient 5% larger beled|4,4;4,4;2m,) in the field free basis, occur between
than that of [12], provide cross sections withi®%  E/k, = 20 and30 wK. Inthe thermalized cross sections
of the results presented here. The weak dependence tifese narrow resonances are broadened into the feature
cross sections o€’y was also found in Ref. [13] when from 10-80 wK. In Fig. 2 the same resonances appear
calculating the ultracold Cs clock shift. as a broad feature from 1 @0 K for As = 100a.

In Fig. 1 the elastic cross sections for potentials with For all scattering lengths the-wave contribution to
scattering lengths of magnitudes less tR&0q, display the unthermalized elastic cross section is less thaf
typical Wigner-threshold behavior for-wave scattering for energiesE/k, < 1000 uK. Above 1000 uK the g
at temperatures less thanuK, whereby the elastic cross wave can contribute up t8% of the total cross sections.
section is a constant given by = 87A3. The low However, when calculating the thermalized cross sections
energys-wave elastic cross section including higher-orderup to 300 uK, these high contributions are strongly
terms in the collision energy [21] behaves as suppressed by the Maxwell distribution.

QA2 The calculations, as noted above, are performed at
3 . .
1 3 (6) B = 0.4 and 0.15 mT used in [4] and [5], respectively.
(1 = 3 k2A3r0)* + k?A3 Our calculations show that,, and K are almost inde-
where /ik?/2u is the asymptotic kinetic energy, is  pendent ofB from 0.1 to 10 mT for alla®3, scattering
the reduced mass, and is the effective range of the lengths tested. The elastic cross sections remain constant
to within 1% while the spin-relaxation rate coefficients
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FIG. 1. Elastic cross section versus temperature for doubly T (UK)

polarized Cs atoms. The solid/dashed curves represent theo-

retical results for variou’s" potentials with positive/negative FIG. 2. Spin-relaxation rate coefficient versus temperature for
scattering lengths. The experimental results of [4] are denotedoubly polarized Cs atoms. The solid/dashed curves represent
by (e) with experimental errors estimated at two temperaturestheoretical results for varioud’s” potentials with positive/
The maximum allowed cross section forwaves is given by negative scattering lengths. The experimental results [5] are
the short-dashed line. given as a thick solid line with experimental error bars.
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first increase by% betweenB = 0 andB = 2.5 mT be- modifies the spin-relaxation rate coefficient. With a
fore becoming constant from 2.5 to 10 mT. The slowsecond-order spin-orbit interaction, appropriately scaled
increase in the spin-relaxation rate coefficient from O tato reproduce room temperature scattering data, the ther-
2.5 mT is due tal-wave centrifugal barriers in exit chan- malized spin-relaxation and elastic cross sections at ultra-
nels with dissociation energies that lie just below thatcold temperature are both reproduced with| > 600ay.
for the s-wave doubly polarized incident channel. At From experimental measurements of the ultracold Cs
zero field these exit channels are degenerate with thelock shift at=~1.5 uK [13], we have estimated the'S,
incident channel and then inelastic processes into thesattering length to be between200ay and —1100ay.
states are suppressed as collision energies are smaller thEmese calculations require detailed information of both the
the height of thed-wave barrier and penetration through X‘Eg and a3, potentials. The calculations performed
the barrier is minimal. For small magnetic fields, how-here depend only upon the'3, potential and do not ex-
ever, the Zeeman interaction lowers the internal energglude large positive scattering lengths. A survey of the
of these states with respect to the entrance channel, amdagnetic field dependence of the cross sections indicates
at 2.5 mT the incident channel energy rises above théhat the large spin-relaxation rate coefficient cannot be
d-wave barrier of these exit channels and their contribumodified significantly using magnetic fields up to 0.01 T.
tion to spin relaxation is no longer suppressed. We thank the Army Research Office and the National

Exceptions to this uniform behavior are found in crossScience Foundation for partial support, and Dr. Carl
sections that possest or g-wave exit channel reso- Williams for many helpful discussions and the careful
nances. These narrow shape resonances are particulargading of this manuscript. D.K.W. is supported by the
sensitive to the position of the virtual bound states supHertz Foundation.
ported by the scattering potential, which shift relative
to each other as the magnetic field is increased. These
resonances are observed for small scattering lengths, *Permanent address: Department of Chemistry and
Az < 150aq, but in general the cross sections cannot be  Biochemistry, Univ. of Maryland, College Park, MD
modified significantly by varying the magnetic field. 20742
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