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Dynamics of O „
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Interaction potentials of the3P and3S2 electronic states of the Rg–O(3P) systems~Rg5He–Kr!
are computed at the coupled cluster single, double~triple! level of ab initio theory using extended
basis sets augmented by bond functions. Theab initio potentials agree well with the scattering
potentials determined from experiments in molecular beams@Aquilanti et al., J. Chem. Phys.89,
6157 ~1988!#. Both sets of the interaction potentials are employed for accurate close-coupling
calculations of cross sections and rate constants for intramultiplet transitions in collisions of O(3Pj )
with Rg atoms and analytical approximations for temperature dependencies of rate constants over
temperature interval 50–3500 K are proposed. The sensitivity of the dynamical results to the nature
of Rg atoms and interaction potentials is analyzed and the dynamics of intramultiplet mixing in
O(3Pj ) is investigated in both high- and low-energy limits. ©2002 American Institute of Physics.
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I. INTRODUCTION

Despite the great progress in experimental and theo
cal studies of molecular collision dynamics, the simplest c
of low-energy atomic scattering is still important. The pra
tical interest to dynamics of atomic collisions is, for e
ample, concerned with the analysis of elastic scattering p
viding empirical characterization of interaction potentia
and the determination of inelastic transitions between ato
levels which govern the energy transfer kinetics and spec
properties of gas mixtures, discharges, plasmas, atmosp
and astrophysical objects, etc. Theoretical investigations
atomic scattering provide models on which to base anal
of general propensity rules for inelastic nonadiabatic tran
tions, and benchmark calculations for bothab initio elec-
tronic structure theory and nonadiabatic scattering metho
ogy.

Collisions of oxygen atoms in their ground3P state with
rare gas atoms~Rg! have attracted considerable attentio
Aquilanti and co-workers measured absolute total scatte
cross sections~ATCS! of oxygen atoms by Ar, Kr, and Xe in
molecular beams1 and developed a framework for their th
oretical interpretation.2 More detailed experiments were pe
formed later by these authors.3 Their analysis provided a ful
set of interaction potentials for Rg5He–Xe, which we will
refer to as ‘‘scattering’’ potentials hereafter. Liu and c
workers have measured relative differential cross sections

a!Present address: Harvard–Smithsonian Center for Astrophysics, 60 G
Street, Cambridge, MA 02138.

b!Also at Department of Chemistry, Oakland University, Roches
MI 48309; electronic mail: chalbie@chem.uw.edu.pl
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inelastic j -changing~intramultiplet! transitions resolved in
the laboratory frame projectionm for oxygen colliding with
He4 and Ar.5 The absolute rates for intramultiplet transition
have been estimated by Abeet al.6 from the measurements o
translational energy relaxation in Kr and Xe.

Theoretical studies of interaction potentials and collisi
dynamics in the Rg1O systems date back to the classic
works on quenching of oxygen atoms in the singlet states7–9

The underlyingab initio calculations did not, however, pro
vide a proper picture of the van der Waals interaction in
lowest RgO states being designed primarily to describe
cited electronic states and spin–orbit couplings betw
them ~see also Refs. 10 and 11!.

Theoretical works more relevant to the present inve
gation include the close coupling calculations of intramult
let transitions in O1He collisions by Monteiro and Flower12

on ab initio CEPA interaction potentials by Staemmler a
Jaquet.13 Ab initio CISD calculations with various basis se
have been performed for the ArO complex.5 The use of these
potentials for calculations of cross sections for different
intramultiplet mixing has provided an impressive agreem
with available experimental data.Ab initio MP4 calculations
with an extended basis set augmented by bond funct
have also been performed for the same system.14 The result-
ing potentials are in good agreement with scattering pot
tials and allowed us to reproduce quantitatively the pho
electron spectra of the ArO2 anion measured in Ref. 15
Some of the above-mentioned potentials have been rece
used in a quantum-mechanical and semiclassical inves
tion of intramultiplet mixing in oxygen induced by collision
with He, Ar, and Xe at room temperature.16
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TABLE I. Equilibrium distancesRe ~Å! and binding energiesDe (cm21) of RgO(3P) interaction potentials
used in this work.

System Potential

VP VS

Re De Re De

HeO CCSD~T! 3.033 20.86 3.570 9.35
Scatteringa 3.1160.06 24.262.4 3.5260.07 10.561.0
CEPAb 3.05 18.6 3.61 8.1

NeO CCSD~T! 3.105 39.89 3.524 22.46
Scatteringa 3.2060.06 44.464.4 3.4860.06 24.262.4

ArO CCSD~T! 3.357 85.84 3.799 48.43
Scatteringa 3.4560.07 83.968.4 3.8560.08 41.164.1
MP4c 3.384 83.73 3.801 48.23
QZQCd 3.395 75.82 3.860 44.44

KrO CCSD~T! 3.467 103.49 3.956 54.97
Scatteringa 3.5760.07 105.7610.6 4.0560.08 45.264.5

XeO Scatteringa 3.6960.07 139.5614.0 4.2460.08 55.765.6

aReference 3.
bReference 13.
cReference 14.
dReference 5.
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In principle, general selection rules for inelastic atom
scattering are determined solely by the symmetry of ato
states involved. It is particularly evident if the scatteri
problem is formulated in atomic basis~see, e.g., Ref. 17!.
The total Hamiltonian matrix is then decomposed into el
trostatic ~ES!, centrifugal ~CF!, or Coriolis, and spin–orbit
~SO! parts each having defined structure prescribed by
symmetry of asymptotic limits. It is dangerous, however,
draw conclusions about propensity rules for different tran
tions just from these symmetry considerations due to co
plexity of the associated collision dynamics. The case
Rg1atom in the3P state provides an example showing qu
significant intensity for the transition between the states c
relating with thej 50 and j 51 asymptotic limits, which are
completely uncoupled in the Hamiltonian matrix.12,18 It has
been shown that this transition proceeds through a com
cated postcollision relaxation among several states drive
sequential ES and Coriolis couplings.16 Useful propensity
rules for inelastic transitions should therefore be establis
only from accurate solution of the scattering problem and
analysis of its sensitivity to kinematic, potential, and relat
istic parameters in the related systems.

The goals of the present study are as follows:

~i! Generate the set of qualityab initio nonrelativistic
potentials for the Rg–O systems~Rg5He–Kr! which
can be used along with the scattering potentials in
simulations of dynamics of intramultiplet mixing i
O(3Pj ).

~ii ! Test the solution of the quantum scattering probl
for O(3Pj )1Rg intramultiplet transitions, in particu
lar, of the reduced atomic basis set expansion
coupled-states approximation.

~iii ! Provide accurate estimates of cross sections and
constants for inelastic collisions in a wide range
n 2002 to 131.142.25.154. Redistribution subject to A
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collision energies and temperatures and delineate t
sensitivity to the nature of Rg atoms and paramet
of interaction potentials.

~iv! Analyze the behavior and accuracy of predicted r
constants in the low- and high-temperature limits.

II. INTERACTION POTENTIALS

A. Ab initio calculations

The interaction of a closed-shell rare gas atom with a3P
atom gives rise to two adiabatic states,3S and3P. RgO(3P)
VS and VP potentials were calculated using partially sp
restricted coupled cluster approach with single, double
noniterative triple excitations@RCCSD~T!#. For He–O(3P),
Ne–O(3P), and Ar–O(3P) the aug-cc-pVQZ basis sets we
used.19–22 These basis sets were augmented by the se
bond functions consisting of 3s, 3p, 2d functions placed in
the middle of van der Waals bond.14 For the Ar–O(3P) in-
teraction, theVS and VP potentials have recently been ca
culated at the MP4 level of theory.14 We have decided to
recalculate this potential here at the RCCSD~T! level for the
sake of uniformity with the rest of the potentials. F
Kr–O(3P) a slightly smaller aug-cc-pVTZ basis set au
mented by bond functions was used. According to our pre
ous study,23 in the interactions involving Kr the aug-cc
pVTZ and aug-cc-pVQZ basis sets provide very simi
results when bond functions are present. The calculati
employed the frozen-core approximation which was pre
ously found reliable for both Kr23 and Ar.24 Ab initio calcu-
lations were carried out usingMOLPRO 2000 suite of
programs.25

The ab initio potentials may be compared with thos
derived from the scattering data, see Table I. The agreem
is good. In general, theP state agrees better, withRe always
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1459J. Chem. Phys., Vol. 116, No. 4, 22 January 2002 Oxygen rare gas collisions
somewhat below the lower limit of the experimental err
bars, andDe essentially within the limits of the experiment
bars~see, however, HeO whereab initio De is smaller!. The
ab initio S state, however, is significantly deeper for Ar
and KrO. Consequently, theab initio results predict smalle
S–P splittings in these cases.

B. Analytical representation

Theab initio points have been fitted to the 15-parame
analytical function proposed by Degli Esposti and Werne26

retaining the dominantC6 andC8 dispersion coefficients:

V~R!5(
l 50

8

glR
le2a(R2b)2

1

2
@11tanh~g1dR!#

3 (
i 50,1

C2i 16

R2i 16 . ~1!

Equilibrium parameters of scattering andab initio poten-
tials implemented in this work are presented in Table I.
general, the agreement between two sets of potentials is
good. For the3P state, theab initio equilibrium distances are
slightly but systematically shorter than the experimental
timates, while for the3S2 state they fall within the experi
mental error bars. Compared to scattering data, theab initio
binding energies of both states are slightly above for He
Ne and slightly below for Ar. In the case of Kr, theab initio
binding energy of the3P state is very close to the exper
mental estimate, whereas that in the3S2 state exceeds th
value obtained from scattering data. It should be noted
the present CCSD~T! ab initio ArO(3P) potentials are very
close to those computed at the MP4 level14 ~see also Ref. 5
for comparison of ArO potentials obtained at various lev
of ab initio theory!.

C. Elastic cross sections

In order to attain more direct comparison between theab
initio and scattering potentials, the calculations of ATCS
performed. As in dynamical calculations of inelastic col
sions, the atomic basis set is implemented~alternatively, one
can speak about atoms-in-molecule model for atomic in
action!. A standard model is used~see, however, Sec. III D!,
in which the minimum basis set is composed of one Rg(1S0)
and nine O(3Pj ) atomic functions in theu j v& representation
@j is the total electronic angular momentum of the atom a
v is its projection on the internuclear body-fixed~BF! axis
R#. The one-center atomic approximation is adopted for
SO interaction. The resulting matrixVES, which describes
the relativistic electrostatic interaction, is expressed in te
of the nonrelativisticVP and VS potentials and the atomi
SO splittings between thej 52 and j 51 states D1

5158.1 cm21 and between thej 52 and j 50 statesD0

5226.6 cm21.27 This matrix, whose explicit form can b
found, e.g., in Refs. 2, 3, 5, 14, 16, and 18, describes n
components of the six diabatic relativistic states of R
u22&, u21&, u20&, u11&, u10&, u00& and ES couplings betwee
them, among which only theu21&↔u11& and u20&↔u00&
ones are nonvanishing.
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Since the inelastic scattering contribution to the to
cross section is negligible, ATCS were computed in the ad
batic approximation by diagonalizingVES matrix analytically
for adiabatic potentials and calculating total scattering cr
section for each of them. The ATCS are obtained by su
ming individual cross sections with the weights determin
experimentally.3

ATCS computed with theab initio and scattering poten
tials for Rg5He–Kr as functions of the center of mass v
locity are shown in Fig. 1. For light rare gas atoms the agr
ment is very good and the difference between two cur
falls within the error bars of the measured ATCS.3 The ab
initio potentials reproduce well the glory undulation patter
for Ar and Kr as well, but in this case the quantitative agre
ment is somewhat worse. Reflecting the anisotropy of in
action ~i.e., the difference betweenVP and VS potentials!
and being established experimentally with relatively high
accuracy than the absolute magnitude of the cross sec
the glory behavior indicates high accuracy of theab initio
potentials. The similarity of the ATCS calculated with th
MP4 and CCSD~T! ArO potentials again demonstrates th
convergence ofab initio calculations.

FIG. 1. Absolute total scattering cross sections for the O1Rg collisions
~Rg5He–Kr! computed with scattering and presentab initio potentials. For
O1Ar, the results obtained with the previous MP4 potentials~Ref. 14! are
also shown.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III. INTRAMULTIPLET MIXING DYNAMICS

A. Computation methodology

In the present work, cross sections and rate constant
intramultiplet transitions in collisions of O(3P) with Rg are
calculated using a rigorous quantum-mechanical close c
pling ~CC! approach as originally described and imp
mented by Mies28 and Reid.29 The details of the calculation
for the Rg1O(3P) systems have been given in our previo
work16 so only a brief summary of the computation metho
ology is presented in the following.

The total Hamiltonian of a Rg1O system is expressed a

Ĥ52
1

2m

d2

dR2 1V̂CF1V̂ES, ~2!

whereR is the interatomic separation,m is the reduced mas
of the colliding particles, and the caret over the symbol
notes the corresponding operator. TheV̂ES term is the elec-
tronic Hamiltonian~including SO coupling!, whose matrix in
the atomic basis setVES is introduced in Sec. II C. TheV̂CF

operator describes the Coriolis interaction

V̂CF5
1

2mR2 @ Ĵ21 ĵ 222Ĵzĵ z2 Ĵ1 ĵ 22 Ĵ2 ĵ 1#, ~3!

whereJ is the total angular momentum for the collision,j is
the total electronic angular momentum of the system~oxy-
gen atom!, and Ĵ6 and ĵ 6 are the corresponding ladder o
erators. The elements of theVCF matrix can be readily ob-
tained in the atomic basis set.30

The expansion of the total scattering wave function
the atomic basis functions leads to a system of nine cou
equations to be solved for expansion coefficients (F j V

J ) at
fixed values of total energy (E) and total angular momentum
(J):

F d2

dR2 1kj V
2 GF j V

J 52m (
j 8,V8

U j V; j 8V8
J F j 8V8

J . ~4!

In this equationkj V
2 52m(E2D j ), D j is the asymptotic en-

ergy of theu j V& scattering channel equal to the SO splitti
in the oxygen atom,V is the BF projection ofJ and j , and
the coupling matrixU is a sum of the ES and CF couplin
matrices, whose explicit form has been given in Ref. 16.

Equation~4! is solved in the BF frame with the usua
boundary conditions28 yielding the scatteringS matrix,
which is then transformed to the space-fixed~SF! represen-
tation of Arthurs and Dalgarno.31 Cross sections for intram
ultiplet transitions are computed from theS-matrix elements
at fixed total energiesE and the energy dependencies
cross sections are integrated with Maxwell–Boltzmann d
tribution over collision energies to give rate constants.

B. Intramultiplet transitions: General trends

As has already been mentioned, the SO exited state
oxygen atoms labeled byj 50 and j 51 are coupled to the
ground j 52 state by elements of the ES matrix, while the
is no direct coupling between the states withj 50 and j
51. The j 50→ j 851 transition is sometimes termed a
‘‘forbidden’’ 12,18 due to the symmetry constraints. Accura
Downloaded 10 Jan 2002 to 131.142.25.154. Redistribution subject to A
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quantum-mechanical calculations of rate constants for in
multiplet transitions at room temperature by Monteiro a
Flower12 have, indeed, shown that the 0→1 transition in
O1He collisions is one order of magnitude slower than t
allowed 0→2 and 1→2 transitions. It was found by Alex-
ander and co-workers18 that the 0→1 transition is deter-
mined by Coriolis couplings. Our CC calculations have illu
trated that the 0→1 transition becomes relatively mor
important with increasing mass of Rg atoms16 and proceeds
through a complicated postcollision relaxation determined
an interplay of ES and Coriolis interactions. The mechani
of this transition can schematically be represented as a th
step process:u j 50,V50&→u j 52,V50&→u j 52,V561&
→u j 51,V561&. The first and the third transitions in thi
chain are fully determined by ES couplings, while the seco
transition within thej 52 manifold of levels is governed by
Coriolis couplings.

Figure 2 presents cross sections for intramultiplet rel
ation of oxygen in collisions with He, Ar, and Xe. In case
the O1He collisions the cross section for the 0→2 transition
is larger than the cross section for the 0→1 transition by an
average factor 1.45 in the whole considered interval of en
gies. It follows from this result that the cross sections
excitation of O(3P2) to the j 50 (s2→0) and the j 51
(s2→1) levels, computed from the data of Fig. 1~a! using the
detailed balance principle, obey the ratios2→1 /s2→0'2,
which is exactly what has been observed experimentally
Ma and Liu.4 This nonstatistical branching ratio of the exc
tation cross sections indicates that thej -changing transitions
in the O1He collisions are dominated by those withDV
50. Indeed, it may be seen from Fig. 1~a!, that the 0→1
transition, forbidden ifV is conserved,16,18 is much slower
than two other transitions at all but the highest collision e
ergies.

The relaxation of O(3P0) by Ar and Xe@Figs. 2~b! and
2~c!# results in qualitatively different branching ratios of th
product states. The cross section for the 0→2 relaxation by
Ar is comparable in magnitude with the cross section for
0→1 transition at low collision energies, but increases mu
faster with energy, exceeding the cross section for the
→2 transition in the high-energy interval. When the relaxi
partner of oxygen is Xe, the probability for relaxation
O(3P0) to the j 51 state is greater~!! than this for relaxation

FIG. 2. Cross sections for the 0→2 ~full curve!, 1→2 ~broken curve!, and
0→1 ~dot-dashed curve! transitions in O(3P) induced by collisions with He
~a!, Ar ~b!, and Xe~c!. Scattering potentials. Symbols are the results of
CS calculations.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to the j 52 state at low energies. The relative magnitudes
the cross sections for three considered transitions in oxy
atoms are similar for collisions with Ar and Xe at high e
ergies.

The experimental measurements of branching ratios
excitation of O(3P2) by collisions with He4 indicate the
V-conserving mechanism of the intramultiplet transition
The assumption ofV conservation has been made in a la
model study by Abe and co-workers.6 In this connection, it
seems important for us to delineate the validity of t
V-conserving approximation, also known as coupled sta
~CS! approximation in the analogous treatment of rotatio
ally inelastic molecular scattering.32,33

The CS approximation is made to the CF term in Eq.~3!
in the total Hamiltonian, where the products of the ladd
operators are omitted. This eliminates all couplings betw
states with differentV values. The 0→1 transition, there-
fore, becomes impossible and two other transitions beco
uncoupled.16,18 The results of our CS calculations of cro
sections for the SO relaxation of O(3P) by three Rg are
shown in Fig. 2 in comparison with the CC data. The C
approximation performs very well for both transitions in t
O1He collisions and the 0→2 transition in the O1Ar and
Xe collisions. The cross sections for the 1→2 transition ob-
tained from the CS calculations underestimate the CC res
for collisions of O with Ar and Xe by a factor 1.2–1.4. The
results indicate that the Coriolis mixing ofV sublevels in the
final j 52 state plays no role for the allowed transition
while the mixing ofV sublevels in the initial (j 51) state is
apparently important. It should be noted that the ratios
cross sectionss j 50→2 /s j 51→2 computed in the CS approxi
mation are equal to an average factor 1.5 for all rare gase
high collision energies.

The CS approximation is more accurate at low collisi
energies. It should be mentioned that, in contrast to
present results, our previous study16 of the intramultiplet re-
laxation in Cl(2P)1Rg collisions has shown that the acc
racy of the CS approximation increases with the mass of

Abe and co-workers6 have determined effective
temperature-averaged cross sections for excitation of O(3P2)
to the j 51 level from the translational energy relaxatio
measurements of O in Kr and Xe as 2.461.2 and 1.4
60.7 Å2, respectively. In order to model their results, w
compute the effective temperature-dependent cross sec
by integration of the energy-resolved excitation cross s
tions with Maxwell–Boltzmann distributions. These effe
tive cross sections are then averaged over the experim
temperature intervals 300–2200 K for Kr and 300–2300
for Xe. The final cross sections computed with scatter
potentials are 1.6 Å2 for Kr and 1.7 Å2 for Xe and the cal-
culations for Kr onab initio potentials give the value 1.3 Å2.
Although all theoretical results are within the experimen
error bars, the experiment predicted higher cross section
Kr than for Xe. All theoretical results prove that Xe is a mo
efficient relaxing partner. It is likely that the accuracy of t
experimental values is limited by the simplicity of the kine
model for inelastic processes implemented for evaluating
cross sections from temperature relaxation data.6 Two as-
sumptions made therein, the conservation ofV and the ab-
Downloaded 10 Jan 2002 to 131.142.25.154. Redistribution subject to A
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sence of the 1→0 transition, are not strictly valid~see the
previous discussion!.

C. Rate constants for intramultiplet relaxation

In order to compute rate constants for intramultiplet tra
sitions in oxygen atoms induced by collisions with rare ga
in a wide range of temperatures extending to 3500 K,
perform CC calculations of cross sections over the ene
interval 10– 15 000 cm21 with a step of 50 cm21. Table II
collects rate constants for quenching of SO excited state
oxygen by all Rg obtained on theab initio and scattering
potentials at three temperatures and the temperature de
dencies of rate constants for relaxation by several rare g
are presented in Fig. 3.

The following observations can be made from examin
tion of these data.

~i! The rate constants for all three transitions show lit
sensitivity to the nature of Rg atoms. For comparison,
room-temperature rate constants for relaxation of Cl(2P1/2)
on Rg computed in our previous works16,23,24 decrease by
four orders of magnitude as Rg changes from He to Xe.

~ii ! The rate constants for the ‘‘forbidden’’ 0→1 transi-
tion are more than one order of magnitude smaller than
rate constants for two ‘‘allowed’’ transitions in the O(3P)
1He and Ne collisions at low temperatures and appro
them at high temperatures. At the highest considered t
perature, the allowed 0→2 and 1→2 transitions are only a
factor 2–4 faster than the relaxation of O(3P0) to the j 51
level by He and Ne. The rate constants for this ‘‘forbidde
transition in the O(3P0)1Ar and Xe collisions aregreater
than the rate constants for the 0→2 transition at low tem-
peratures and smaller than the latter by a factor 2–2.2 at h
temperatures.

~iii ! The rate constants for the 0→2 and 1→2 transi-
tions are of similar magnitudes throughout the whole cons
ered temperature interval except for the smallest temp
tures, although it may be noticed that in the collisions w
He the rate constant for the 0→2 transition is systematically
larger by;1.25– 1.6 times than that for the 1→2 transition
~cf. the preceding discussion of cross sections!. The ratio of
the rate constants for the 0→2 and 1→2 transitions in col-
lisions with all other rare gases is less than 1 at low tempe
tures and approaches a factor of 1.1–1.35 atT53500 K,
being smaller for relaxation by heavier Rg. This is desp
the energy gap between thej 50 and j 52 states in the oxy-
gen atom is larger by a factor 1.43 than the energy gap
tween the states withj 51 and j 52.

~iv! The rate constants computed on different sets of
teraction potentials agree well, the agreement being exce
at high temperatures. The difference between the rate c
stants for all three transitions obtained with two sets of
teraction potentials changes sign with temperature and
most significant for the case of the O1Ar collisions at low
temperatures. The rate constants for the 0→1 transition~de-
termined by both Coriolis and ES couplings! show the same
sensitivity to the interaction potentials as the rate consta
for the allowed transitions~fully determined by ES cou-
plings! in the whole temperature range. The rate consta
for the O1He collisions calculated by Monteiro an
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Rate constants (cm3/s/molecule) for quenching of the SO excited states of O(3P) by rare gases.

T ~K!

Ab initio potentials Scattering potentials

k0→2 k1→2 k0→1 k0→2 k1→2 k0→1

O1He collisions
50 4.00310211 2.64310211 5.01310213 3.41310211 2.74310211 2.34310213

300 1.34310210 8.38310211 9.09310212 1.52310210 1.02310210 4.77310212

300a 1.32310210 8.09310211 8.55310212
¯ ¯ ¯

1000 2.59310210 1.79310210 3.94310211 3.11310210 1.97310210 2.82310211

O1Ne collisions
50 2.62310212 1.17310212 1.89310213 3.93310212 2.27310212 8.37310214

300 2.13310211 2.41310211 3.22310212 2.95310211 1.72310211 2.24310212

1000 1.12310210 9.26310211 1.90310211 9.56310211 6.26310211 1.70310211

O1Ar collisions
50 9.22310214 1.45310213 1.34310213 5.30310213 2.68310212 3.19310213

300 8.50310212 7.56310212 5.69310212 1.81310211 1.87310211 3.33310212

1000 8.43310211 8.16310211 4.96310211 8.45310211 7.32310211 2.19310211

O1Kr collisions
50 7.40310212 2.79310212 5.80310213 3.42310212 6.18310213 5.40310213

300 2.31310211 2.01310211 4.28310212 1.32310211 9.97310212 4.87310212

1000 9.63310211 8.46310211 2.29310211 6.82310211 6.39310211 2.62310211

O1Xe collisions
50 ¯ ¯ ¯ 5.64310213 1.92310212 1.01310212

300 ¯ ¯ ¯ 1.39310211 1.14310211 6.62310212

1000 ¯ ¯ ¯ 7.07310211 6.49310211 3.24310211

aCC calculations by Monteiro and Flower~Ref. 12! on ab initio potentials of Staemmler and Jaquet~Ref. 13!
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Flower12 on the ab initio potentials of Staemmler an
Jaquet13 are in excellent agreement with our calculations
the ab initio potentials.

The rate constants for intramultiplet transitions can
represented to a good approximation by the following a
lytical form:34

ln~kj→ j 8!5(
i 50

N

aj→ j 8
( i ) xi , ~5!

where x51/T3 and aj→ j 8
( i ) are the fitting coefficients. The

values of thea( i ) coefficients yielding rate constant for a
intramultiplet transitions calculated on theab initio and scat-
tering potentials are listed in Table III. The fitting function
are valid over the temperature range 50–3500 K. The qu
tities x in Table III are defined as

x51003u~kj→ j 8
c

2kj→ j 8
f

!/kj→ j 8
c u, ~6!

wherekj→ j 8
c are the computed rate constants andkj→ j 8

f are
the values resulting from the fits. It can be seen that
maximum uncertainty due to fitting (xmax) is usually less
than 5% and never exceeds 9%. The uncertainty a
aged over all considered temperatures (xmean) is always
below 3%.

D. Accuracy of the scattering calculations at high
energies

As discussed in Sec. II, the atomic basis set implemen
in the solution of quantum scattering problem describes o
the states correlating with the ground O(3P)1Rg asymptote.
The effect of excited electronic states correlating with
O(1D) and O(1S)1Rg limits, however, may be important a
n 2002 to 131.142.25.154. Redistribution subject to A
e
-

n-

e
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d
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high collision energies. In order to estimate their influence
the intramultiplet transitions in O(3Pj )1Rg collisions, we
implement an extended model, namely, a simplified vers
of the approach developed by Cohenet al.8 for studying the
quenching of oxygen atoms in the singlet state. These
tended calculations are carried out for the O1Xe system
where the effects of excited electronic states should be m
pronounced.

The 1D state of atomic oxygen lying by 18 230 cm21

above the3P state gives rise to three components, 11S1,
1P, and 1D, upon the interaction with rare gas atoms.7–10

The potential energy curve of the 11S1 state of XeO crosses
the 3P and 3S2 curves, correlating with the O(3P)1Xe
asymptote, at energies;10 650 and 12 820 cm21,
respectively.10 The repulsive curve of the1P state crosses
the 3P curve at higher energies and is ignored, as is the1D
state. The O(1S) state has much higher energ
(39 200 cm21) and is excluded from consideration as we
Thus, ten relativistic states~including degeneracy! are used
in the CC calculations. The potential energy curve for t
1 1S1 state is taken from Ref. 10, while the SO couplin
matrix elements between the 11S1 and3P, 3S2 states are
borrowed from Ref. 8. The3P and3S2 states are described
as before, by the scattering potentials.

Figure 4 compares cross sections for intramultiplet tr
sitions calculated using the standard and extended ato
basis sets. There is virtually no difference between the res
of two models at low energies, but at energ
;5000– 6000 cm21 they start to deviate from each other fo
the 1→2 and 2→0 transitions. The deviations approach
maximum in the energy interval 7000– 12000 cm21, which
contains the crossing point between the states of theS sym-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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metry. The maximum deviation does not exceed 2 Å2 ~10%–
15%! and changes sign with energy. It is estimated that
excited 11S1 state may influence the high-temperature r
constants only by 5%–10%. This proves the validity of t
standard model for inelastic transitions in O(3P) at collision
energies less than;15 000 cm21.

E. Intramultiplet transitions at low energies

The interest to atomic and molecular collisions at lo
energies has been revived by a recent success of experi
tation with molecular condensates at ultraco
temperatures.35 Several theoretical studies of vibrational r
laxation in ultracold collisions of diatomic molecules wi
atoms have, for example, been reported over the last se
years by Balakvishnan and co-workers.36–39 These works
have shown that cross sections for vibrational relaxation
diatomic molecules at low energies are determined by s
tering resonances and increase to infinity in the limit of z
collision energy in accord with Wigner’s threshold law f
s-wave scattering.40 As a result, rate constants for vibra
tionally inelastic collisions are finite atT50 K and may be

FIG. 3. Temperature dependencies of rate constants for intramultiplet r
ation of oxygen in collisions with He~a!, Kr ~b!, and Xe~c!. Curves are the
calculations onab initio potentials and symbols represent the results
scattering potentials for the 0→2 ~full curves, circles!, 1→2 ~broken
curves, squares!, and 0→1 ~dot-dashed curved, diamonds! transitions.
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quite large. It is of interest to consider the dynamics
electronically inelastic atomic collisions at ultralo
temperatures.

Figure 5 presents energy dependencies of cross sec
for relaxation of O(3P0) and O(3P1) by He calculated with
the scattering andab initio potentials. All cross sections
show resonance structure at collision energies between
and 50 cm21. The resonances for the 0→2 and 0→1 transi-
tions have the same widths and positions, while the cr
section for the 1→2 transition exhibits distinct and mor
rich resonance structure. Noteworthy, the resonance patt
pertinent to each inelastic cross section qualitatively
semble those of elastic cross sections computed for co
sponding adiabatic electronic states. Figure 6 shows en
dependencies of partial opacity functions~cross sections at a
single value of orbital angular momentuml ! for the
O(3P0)→O(3P2) relaxation by collisions with He. The
opacity functions foreachvalue of l reveal resonances. Th
positions of maxima in the opacity functions are listed
Table IV for several values ofl . In general, the position o
resonances shifts toward higher energies whenl increases.
All these findings show that the observed resonances are
to trapping of the system behind the centrifugal barrier of
effective ~ES plus CF! adiabatic interaction potentials. Th
coupling between different electronic states is large in t
region and the probability for the energy redistribution b
tween differentj states is greater. The opacity functions fol
values larger than seven do not show maxima because
centrifugal term in the Hamiltonian starts to dominate a
there is no minimum on the effective interaction potent
where the system could be trapped.

Figures 7 and 8 depict cross sections for intramultip
relaxation in collisions of O(3P) with Ar and Xe, respec-
tively. The number of resonances increases and the r
nances become narrower as Rg changes from He to Xe.
location of the resonances extends to higher values of e
gies in the case of heavier rare gases. The resonant beh
of cross sections for the O1Xe collisions is important at
energy as high as 80 cm21 and influences the rate constan
for intramultiplet transitions at temperatures up to 100 K.

The increasing number of scattering resonances in c
sections for relaxation by heavier rare gases is determine
an increase of the Rg1O interaction strength in the He–X
sequence~see previous sections! and increase of the reduce
mass of the colliding particles. More values of orbital ang
lar momentum contribute to the total scattering cross s
tions when the colliding particles are heavier and grea
magnitudes of the potential wells facilitate trapping of t
system behind the CF barrier.

It follows from Figs. 5, 7, and 8 that the cross sectio
for the allowed 0→2 and 1→2 transitions upturn when the
collision energy becomes small and increase as inver
proportional functions of velocity. The cross sections for t
0→1 transitions in collisions of oxygen with He, Ar, and X
vanishes in the zero collision energy limit. The thresho
relaxation of O(3P0) by He has been discussed in our pre
ous work41 where it was shown that the dependence of
cross section for the 0→2 relaxation presented in Fig. 5~a!
results in a finite value of rate constants atT→0 K because

x-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Coefficients of the analytical fits@Eq. ~5!# to temperature dependencies of rate constants for intramultiplet relaxation of oxygen by collision
rare gases. The fits are valid in the temperature range 50–3500 K.

j 50→ j 852 j 51→ j 852 j 50→ j 851 j 50→ j 852 j 51→ j 852 j 50→ j 851

O1He collisions:ab initio potentials O1Ar collisions: scattering potentials

aj→ j 8
(0) 220.2236 220.2228 221.0570 aj→ j 8

(0) 219.8393 219.5677 219.9515

aj→ j 8
(1) 219.1158 223.8338 225.4323 aj→ j 8

(1) 231.5450 240.2455 249.6695

aj→ j 8
(2) 22.041 25.749 254.062 aj→ j 8

(2) 223.056 28.041 17.731

aj→ j 8
(3) 138.652 287.635 207.750 aj→ j 8

(3) 64.62 413.64 179.36

aj→ j 8
(4) 2178.99 2492.06 2102.03 aj→ j 8

(4) 172.1 2648.6 19.6

aj→ j 8
(5) 2100.0 2200.0 ¯ aj→ j 8

(5) 2295.0 2195.0 2205.0
xmax ~%! 4.84 2.98 1.98 xmax ~%! 5.00 2.98 4.45

xmean ~%! 2.45 1.73 0.98 xmean ~%! 2.94 1.23 2.21

O1He collisions: scattering potentials O1Kr collisions: ab initio potentials

aj→ j 8
(0) 220.7963 220.7915 220.4435 aj→ j 8

(0) 219.2845 219.8758 219.6774

aj→ j 8
(1) 27.3396 215.0248 239.4427 aj→ j 8

(1) 241.0445 233.3841 255.8372

aj→ j 8
(2) 241.195 210.812 24.953 aj→ j 8

(2) 210.564 215.896 36.104

aj→ j 8
(3) 29.15 78.78 120.42 aj→ j 8

(3) 537.99 247.39 535.67

aj→ j 8
(4) 209.0 240.8 ¯ aj→ j 8

(4) 21465.3 2770.0 21748.1
xmax ~%! 3.48 2.36 3.83 aj→ j 8

(5) 1870.0 1870.0 1870.0
xmean ~%! 1.14 1.87 1.76 xmax ~%! 6.11 2.08 3.23

xmean ~%! 2.45 0.76 1.42

O1Ne collisions:ab initio potentials O1Kr collisions: scattering potentials

aj→ j 8
(0) 220.6137 220.9969 221.1135 aj→ j 8

(0) 218.9106 219.8829 219.8335

aj→ j 8
(1) 211.1288 213.3876 226.2710 aj→ j 8

(1) 246.8092 230.7266 249.9314

aj→ j 8
(2) 2142.385 281.997 2166.715 aj→ j 8

(2) 252.260 274.598 24.276

aj→ j 8
(3) 149.89 35.76 840.13 aj→ j 8

(3) 808.15 226.07 254.73

aj→ j 8
(4) 823.2 460.2 21017.7 aj→ j 8

(4) 21108.6 27.9 2244.4
xmax ~%! 8.90 3.17 5.58 aj→ j 8

(5) 2710.0 770.0 2270.0
xmean ~%! 1.03 1.85 1.24 xmax ~%! 8.27 2.97 2.35

xmean ~%! 2.33 0.56 0.80

O1Ne collisions: scattering potentials O1Xe collisions: scattering potentials

aj→ j 8
(0) 220.1910 220.2358 220.5301 aj→ j 8

(0) 219.1527 218.8139 219.8126

aj→ j 8
(1) 230.1814 234.3475 243.2281 aj→ j 8

(1) 244.7758 252.2608 247.4495

aj→ j 8
(2) 6.906 10.475 25.934 aj→ j 8

(2) 10.977 29.849 14.065

aj→ j 8
(3) 83.48 102.44 58.39 aj→ j 8

(3) 224.52 265.33 281.89

aj→ j 8
(3) 224.52 265.33 281.89 aj→ j 8

(4) 2371.4 15.2 210.8

aj→ j 8
(4) 27.2 27.2 257.6 aj→ j 8

(5) 2137.0 21030.0 21030.0
xmax ~%! 2.58 4.24 4.30 xmax ~%! 5.97 6.68 2.53

xmean ~%! 1.57 1.94 1.98 xmean ~%! 2.53 2.32 0.73

O1Ar collisions: ab initio potentials

aj→ j 8
(0) 218.3012 217.9600 218.7135

aj→ j 8
(1) 247.9213 254.3807 252.5536

aj→ j 8
(2) 212.482 22.164 9.706

aj→ j 8
(3) 20.52 174.71 144.15

aj→ j 8
(4) 390.3 27.1 27.2

aj→ j 8
(5) 2217.0 257.0 2157.0

xmax ~%! 4.96 7.68 2.08
xmean ~%! 2.72 2.12 0.79
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electronic transitions determined by ES couplings ob
Wigner’s threshold law forl 50. In contrast, the cross sec
tions and rate constants for the transitions determined
Coriolis couplings should vanish in the zero temperat
limit because thel 50 partial wave does not contribute t
them. The results shown in Figs. 5, 7, and 8 support
finding. The inverse velocity dependence of the cross s
tions for relaxation by He extends to much higher energ
than this of the cross sections for relaxation by heavier r
gases. Apparently, this is because the relative contributio
the l 50 partial wave~s-wave scattering! is more significant
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for collisions with light He atoms. The range of applicabili
of Wigner’s law is also larger for the 0→2 transitions than
for the 1→2 relaxation.

Figures 5 and 7 also compare resonant structures in c
sections for the 0→2 and 1→2 transition in collisions of
oxygen with He and Ar computed on theab initio and scat-
tering potentials. Although the general resonant structu
obtained on two sets of the interaction potentials are sim
the positions of the resonances are sensitive to the interac
potentials. Quantitative information on the sensitivity of t
resonance positions on the interaction potentials can be
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tained from Table IV. Interestingly, the resonances obser
for the l 53 partial wave are dramatically different depen
ing on the potentials used. The resonant enhancement o
cross section computed on the scattering potentials is p
tioned at much lower energy, the lifetime of the resonanc
noticeably longer and the magnitude of the resonance is

FIG. 4. Cross sections for the 0→2 ~full curve, circles! 1→2 ~broken
curve, squares!, and 0→1 ~dot-dashed curve, diamonds! transitions in
O1Xe collisions obtained with the standard~lines! and extended~symbols!
atomic basis sets. See the text for more details.

FIG. 5. Cross sections for the 0→2 ~a!, 0→1 ~b!, and 1→2 ~c! transitions
in O(3P) induced by collisions with He. Full curves—scattering potentia
broken curves—ab initio potentials.
Downloaded 10 Jan 2002 to 131.142.25.154. Redistribution subject to A
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nificantly greater than the magnitudes of all other resonan
observed. This indicates that thel 53 resonance supporte
by the scattering potentials may have a different origin fro
all other resonances. The nature of the scattering resona
in He1O collisions will be investigated in more detail in ou
future work.42

IV. SUMMARY

The main results of the present work can be summari
as follows.

~1! Ab initio potentials of high quality are derived. The
agree well with those determined from the scattering da
The remaining discrepancies are usually~except for He!
within the limits of experimental error bars.

~2! Accurate close coupling~CC! calculations of cross
sections and rate constants for intramultiplet relaxation
O(3P)1Rg collisions are performed on two sets of the i
teraction potentials. It is illustrated that the relaxation d
namics of oxygen is qualitatively different for collisions wit
various rare gases at low temperatures and thej 50→ j 51
transition, forbidden to first order, may be faster than
allowed j 50→ j 52 and j 51→ j 52 transitions in colli-
sions with heavy rare gases. It is found that the rate const
for two latter transitions are of similar magnitudes at te
peratures above 300 K for all Rg.

~3! Thermal averaged cross sections for thej 52→ j
51 excitation in collisions of O with Xe and Kr compute
using scattering andab initio potential agree well with ex-
perimental measurements.

~4! The coupled states approximation is investigated a
it is shown that it is applicable for all intramultiplet trans
tions in the O1He collisions and thej 50→2 transitions in
collisions of O(3P) with heavier Rg. It is found, however
that the CS approximation may underestimate accurate
results for thej 51→2 transitions in the O(3P)1Ar and Xe
collisions. In general, the CS approximation is more accur
at low collision energies.

~5! Selected calculation for the O1Xe collisions are per-
formed with an extended basis set in order to verify the

,

FIG. 6. Partial opacity functions for the 0→2 transitions in O1He colli-
sions: l 50—full curve, l 51—broken curve,l 52—dot-dashed curve,l
54—dotted curve,l 55—short dash curve.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 10 Ja
TABLE IV. Positions of resonances in the partial opacity functions at differentl values. He1O(3P0)
→He1O(3P2) relaxation.

l 0 1 2 3 4 5 6 7

Er
a (cm21) 0.0 0.126 0.438 0.928 3.194 6.878 12.844 26.014

Er
b (cm21) 0.0 0.145 0.682 0.375 2.542 5.881 10.904 18.518

aAb initio potentials.
bScattering potentials.
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lidity of the standard CC model including only states cor
lating with the 3P asymptotic limit. It is shown that the
standard model can be used at the collision energies u
15 000 cm21.

~6! The dynamics of intramultiplet relaxation in O(3P)
1Rg collisions is investigated in the limit of zero collisio
energy and it is shown that the intramultiplet relaxation
O(3P)1Rg collisions at low energies is determined by sc
tering resonances. The number of resonances and the r
of energies where they are important increases with the m
of Rg atoms. In the case of the O1Xe collisions the reso-
nances are observed at collision energies up to 80 cm21. It is
illustrated that cross sections for both the 0→2 and 1→2
transitions~fully determined by ES couplings! obey Wign-
er’s l 50 threshold law showing an inverse dependence
the velocity of the colliding particles and the cross sectio

FIG. 7. Same as in Fig. 5 but for the collisions with Ar.
n 2002 to 131.142.25.154. Redistribution subject to A
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-
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for the 0→1 transition ~determined by Coriolis coupling!
vanish in the zero energy limit. The applicability of Wigner
threshold law extends over a greater interval of energies
the 0→2 transition and the relaxation by He atoms.

~7! Accurate analytical representations of rate consta
for intramultiplet relaxation in O(3P) induced by collisions
with all Rg atoms in the temperature interval 50–3500 K a
proposed.

Note added in Proof:Very recently, H. Partridge, J. R
Stallcop, and E. Levin have presentedab initio calculations
of the HeO interaction potentials@J. Chem. Phys.115, 6471
~2000!#. Their procedure differs from ours in using a bigg
set of bond functions (3s3p2d1 f 1g instead of ours,
3s3p2d). The reported equilibrium distances and bindi
energies~3.03 Å and 20.94 cm21 for 3P, 3.57 Å and 9.46
cm21 for 3S2 states, respectively! are in very good agree

FIG. 8. Same as in Fig. 5 but for the collisions with Xe.
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ment with our results~cf. Table I!, indicating satisfactory
basis set saturation of our calculations.
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