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Ultracold inelastic atomic collisions: Threshold relaxation of O„3P0… by He
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Relaxation of O(3Pj 50) by collisions with He at ultracold temperatures is investigated, and it is illustrated
that cross sections and rate constants for thej 50→ j 52 and j 50→ j 51 transitions exhibit qualitatively
different threshold behaviors stemming from the different mechanisms of these nonadiabatic transitions. The
results allow us to make the conclusion that, in general, rate constants for the nonadiabatic transitions governed
by electrostatic couplings should obey Wigner’s threshold law fors-wave scattering approaching a finite value
at T→0 K, while cross sections and rate constants for the transitions determined by Coriolis couplings should
vanish in the zero-temperature limit.
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Recent experimental success in the trapping and con
sation of atoms and molecules at ultracold temperatures~see,
e.g., Refs.@1–5#! stimulated theoretical investigations of in
elastic molecular scattering near thresholds. In particu
Balakrishnan and co-workers@6–9#, analyzed the low-
energy limit of vibrational relaxation in collisions of di
atomic molecules with atoms using the effective range the
and accurate quantum mechanical calculations. One of t
main findings was that cross sections for vibrationally inel
tic collisions at ultralow temperatures obey the 1/k Wigner
threshold law~k is the wave vector for the collision! @10#. As
a consequence, cross sections for vibrational relaxation
to infinity as the collision energy (Ecol) approaches zero, an
the corresponding rate constant is finite in the zero temp
ture limit.

Recently, we analyzed the nonadiabatic quenching
namics of O(3Pj ) by rare gases at room temperature@11#.
The intramultiplet relaxation of O(3P0) has a peculiar
mechanism with two possible pathways yielding the grou
3P2 state and the first excited3P1 state of oxygen atoms. I
was shown previously@12,13# that thej 50→ j 52 transition
is induced by electrostatic coupling in the system, while
j 50→ j 51 transition, forbidden to first order, is determine
by Coriolis coupling. We have illustrated@11# that the latter
transition in fact proceeds through a complicated po
collision relaxation involving an interplay of electrostatical
and Coriolis-induced nonadiabatic transitions. In the pres
work we extend quantum-mechanical calculations of R
@11# to investigate the relaxation dynamics of O(3P0) by He
atoms in the limit of low temperatures.

The dynamical calculations presented in this work
performed using the time-independent close-coupl
quantum-mechanical approach described in Ref.@11#. All
equations are solved in the body-fixed frame, and the res
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ing S matrix is transformed to the space-fixed representa
of Arthurs and Dalgarno@14#. Cross sections and rate con
stants for inelastic scattering are then evaluated from
S-matrix elements using standard formulas. Corrections
Born-Oppenheimer approximation, which might be impo
tant for ultracold collisions, are ignored, and the stand
model for spin-orbit interaction@11,12,15,16#, parametrized
by the non-relativistic O-He potentials from Ref.@17#, is em-
ployed.

Figure 1 shows the dependence of thej 50→ j 52 and j
50→j51 cross sections on the collision energyEcol . At
energies between 1.5 and 6 cm21, inelastic transitions are
determined by scattering resonances. Separate calculatio
elastic cross sections on the adiabatic potentials, as we
the similarity of resonance patterns for both inelastic tran
tions, demonstrate that the resonance enhancement is d
trapping of the system by the potential well of the entran
channel. The trapped system spends more time in the re
where the electrostatic coupling between theV50 compo-
nents of thej 50 and 2 levels is strong. At even lower ene
gies, the behavior of cross sections for the two nonadiab
transitions is different. Thej 50→ j 52 cross section rises to
infinity, while the j 50→ j 51 cross section vanishes. Th
inelastic cross sections at fixed orbital angular momenl
~partial opacity functions! are also shown in Fig. 1 for sev
eral partial waves making the biggest contribution to t
resonant structure of the total cross section in the consid
interval of energies. The energy dependence of all opa
functions except those forl 50 are similar for both electronic
transitions. Thel 50 partial cross section for thej 50→ j
52 transition rises to infinity, in agreement with Wigner
threshold law fors-wave scattering@10#. The j 50→ j 51
transition atl 50 is, however, not possible, since there is
Coriolis coupling to drive the post-collision relaxation with
the j 52 manifold of levels which is responsible for popul
tion of j 51 levels@11#.

The different behavior of cross sections for the two rela
ation pathways results in a different threshold behavior
rate constants for thej 50→ j 52 and j 50→ j 51 transi-
tions ~see Fig. 2!. The rate constant for relaxation to thej
51 level tends to zero as temperature decreases, while
©2001 The American Physical Society04-1
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relaxation rate to thej 52 level approaches a finite value
the zero temperature limit. It is worth nothing that, if thel
50 cross section is excluded from the summation over p
tial waves, the two rate constants have similar~different by a
temperature independent factor! threshold behaviors.

To summarize, the relaxation of O(3P0) presents a pecu
liar example in which two relaxation pathways exhibit qua

FIG. 1. Cross sections for relaxation of O(3P0) by He as func-
tions of the collision energy: full curve,l-summed cross sections
bold curve,l 50; broken curve,l 53; dot-dashed curve,l 54. The
l 51 and 2 partial waves give a small contribution to the total cr
section in the considered interval of energies, and the partial opa
functions for thesel values are not shown on the graph.
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tatively different behaviors in the low-temperature limit. Th
very transparent physics underlying this phenomenon allo
us to conclude that, in general, cross sections for inela
transitions induced by electrostatic couplings should foll
the 1/k Wigner law for s-wave scattering at ultralow ener
gies, whereas those determined by Coriolis couplings sho
vanish in the zero-velocity limit. This fact can be importa
not only for cooling atoms to ultralow temperatures, but a
for equilibration kinetics in the interstellar medium.
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FIG. 2. Rate constants for relaxation of O(3P0) by He: full
curve, the 3P0→3P2 transition; dot-dashed curve, the3P0→3P1

transition; broken curve, the3P0→3P2 transition without
l 50 contribution.
l-

. A

c.

A

z,
@1# J. M. Doyle, B. Friedrich, J. Kim, and D. Patterson, Phys. R
A 52, R2515~1995!.

@2# J. T. Bahns, W. C. Stwalley, and P. L. Gould, J. Chem. Ph
104, 9689~1996!.

@3# A. Fioretti, D. Comparat, A. Crubllier, O. Dulieu, F. Masnou
Seeuws, and P. Pillet, Phys. Rev. Lett.80, 4402~1998!.

@4# T. Takekoshi, B. M. Patterson, and R. J. Kinze, Phys. Rev
59, R5 ~1999!.

@5# J. D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich, and
M. Doyle, Nature~London! 395, 148 ~1998!.

@6# N. Balakrishnan, R. C. Forrey, and A. Dalgarno, Chem. Ph
Lett. 280, 1 ~1997!.

@7# N. Balakrishnan, V. Kharchenko, R. C. Forrey, and A. D
garno, Chem. Phys. Lett.280, 5 ~1997!.

@8# R. C. Forrey, N. Balakrishnan, V. Kharchenko, and A. D
garno, Phys. Rev. A58, R2645~1998!.
.

.

A

.

.

@9# R. C. Forrey, V. Kharchenko, N. Balakrishnan, and A. Da
garno, Phys. Rev. A59, 2146~1999!.

@10# E. P. Wigner, Phys. Rev.73, 1002~1948!.
@11# R. V. Krems and A. A. Buchachenko, J. Phys. B33, 4551

~2000!.
@12# M. H. Alexander, T. Orlikowski, and J. E. Straub, Phys. Rev

28, 73 ~1983!.
@13# T. S. Monteiro and D. R. Flower, Mon. Not. R. Astron. So

228, 101 ~1987!.
@14# A. M. Arthurs and A. Dalgarno, Proc. R. Soc. London, Ser.

256, 540 ~1963!.
@15# V. Aquilanti and G. Grossi, J. Chem. Phys.73, 1165~1980!.
@16# Z. Ma, K. Liu, L. B. Harding, M. Komotos, and G. C. Schat

J. Chem. Phys.100, 8026~1994!.
@17# V. Aquilanti, R. Candori, and F. Pirani, J. Chem. Phys.89,

6157 ~1988!.
4-2


