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Vibrational relaxation of vibrationally and rotationally excited CO
molecules by He atoms
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~Received 9 April 2001; accepted 27 December 2001!

This work presents a detailed quantum mechanical study of rovibrationally inelastic He1CO
collisions in a wide range of translational and internal energies of the collision partners. Fully
converged coupled states calculations of rate constants for vibrational relaxation of CO(v51) by
He are found to be in excellent agreement with experimental measurements at temperatures between
35 and 1500 K. The role of rotational energy for vibrational relaxation of CO is investigated
and it is illustrated that the CO molecules in the first excited vibrational state can exhibit
near-resonant vibrational relaxation when they are initially in high rotational excitation and the
collision energy is small. A reduced channel coupled states approach neglecting low vibrational
states in the basis set is implemented for calculations of rate constants for vibrational and rotational
energy transfer in collisions of vibrationally excited CO molecules with He atoms. It is shown that
initial vibrational excitation significantly increases rate constants for vibrationally inelastic
collisions but does not affect purely rotational energy transfer. ©2002 American Institute of
Physics.@DOI: 10.1063/1.1451061#
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I. INTRODUCTION

Many theoretical and experimental studies of He1CO
collisions have been performed recently in order to prov
data of interest in astrophysics and chemistry,1,2 test and re-
fine interaction potential energy surfaces~PESs!,3–7 and un-
derstand mechanisms underlying vibrational and rotatio
energy transfer in collisions of diatomic molecules posse
ing large moments of inertia with light atoms.5–13 The ex-
perimental measurements of the vibrational relaxation~VR!
of CO(v51) have, thus, yielded rate constants over the te
perature range 20–2500 K. These results have been us
the reference data in several theoretical investigations o
brationally inelastic He1 CO collisions at low temperatures
It has been shown, for example, by Balakrishnanet al.9 that
quantum mechanical close coupling calculations of rate c
stants for VR performed on the most recent PES14 at tem-
peratures less than 100 K agree well with experimental d
Reid et al.6,7 have reported vibrational close couplin
coupled states~VCC-CS! calculations of rate constants fo
VR of CO(v51) below the temperature 300 K. Their resu
obtained on the same PES have underestimated the ex
mental values by a factor of 1.6 on average. A large num
of closely spaced rovibrational levels in the CO molec
prohibits accurate quantum mechanical calculations at h
collision energies and only approximate breathing sphe15

or rotational infinite-order-sudden~RIOS!12,15,16calculations
of rate constants have been performed for the He1CO sys-
tem at temperatures higher than 300 K. Approximate cla
cal approach quantum encounter treatment has also been
posed for vibrationally inelastic He1CO collisions.17

a!Present address: Harvard-Smithsonian Center for Astrophysics,
Garden Street, Cambridge, Massachusetts 02138; electronic
rkrems@cfa.harvard.edu
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Unfortunately, both the experimental measurements and
quantum mechanical calculations at the RIOS level of
proximation produce averaged results which provide little
any, mechanistic insight into the collision dynamics.

Understanding dynamics of rovibrational transitions
collisions of rotationally and vibrationally excited diatom
molecules with atoms is important for modern experimen
techniques allowing measurements of the state-resolved
ergy transfer processes.18 The collisions of excited diatomic
molecules with atoms show many interesting features
the resonant vibrational energy transfer19,20 or the strong
competition between vibrational and purely rotational ene
transfer.21 These effects cannot be reproduced by the
proximate quantum mechanical calculations neglecting
rotational energy spectrum of diatomic molecules and
classical dynamics calculations do not always provide r
able results. Accurate quantum mechanical calculations
rovibrational transitions in collisions of excited diatom
molecules with atoms should, therefore, assist experime
measurements and development of adequate theoretical
els. To the best of our knowledge no quantum mechan
calculations of VR in vibrationally excited CO molecule
have been reported.

In the present paper we focus on investigation of co
sions of vibrationally and rotationally excited CO molecul
with He atoms. Rate constants for vibrational relaxation
CO(v51) by He are computed using the VCC-CS metho
ology and compared with experimental data in a wide ran
of temperatures extending to 1500 K. Vibrationally reduc
channel coupled states approach using energetically loca
sis sets of vibrational functions is implemented to obtain r
constants for VR of higher vibrational states and investig
the dependence of the vibrational and rotational energy tra
fer on the vibrational quantum number. The role of rotation
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excitation of CO for vibrational relaxation is investigated
the calculations of cross sections and rate constants for
of CO(v51) excited to as high a level asj 540. The details
of the calculations are briefly reviewed in Sec. II and t
presentation of the results in Sec. III is followed by a su
mary giving concluding remarks.

II. DYNAMICAL CALCULATIONS

For scattering calculations of the present work we e
ploy theJ-labeled variant of the vibrationally close couplin
coupled states~VCC-CS! approach initially presented b
Pack.22 This method has been well documented in literat
~see, e.g., Refs. 23 and 24, and references therein! and will,
therefore, be described very briefly in the following. An a
ternative l -labeled coupled states approach originally p
posed by McGuire and Kouri25 and investigated by man
researchers24,26 is known to give better results for orienta
tionally dependent quantities.24 We have illustrated, however
in the accompanying article27 that theJ-labeled CS approach
describes VR in heavy diatomic molecules significantly b
ter. The following notation for quantum numbers is us
hereafter:J denotes the total angular momentum for the c
lision, while j is the rotational angular momentum of the C
molecule.Ĵz and ĵ z are the operators that give thez compo-
nent ofĴ and ĵ , respectively, andV denotes the projection o
the total angular momentum on the body-fixed quantizat
axis. The notationv is used to denote the vibrational states
the diatom. The conventional Jacobi coordinates represen
the He-CO center of mass separation (R), the interatomic
distance in CO (r ), and the angle~Q! between the vectors
corresponding tor and R are used for description of th
internal dynamics of the triatomic complex. The caret ove
symbol denotes the corresponding operator.

The coupled states approximation is applied in the bo
fixed coordinate system to the centrifugal term in the to
Hamiltonian of the triatomic system as follows:22

~ Ĵ2 ĵ !25 Ĵ21 ĵ 222Ĵzĵ z . ~1!

In this expression the terms responsible for coupling betw
states with differentV values are omitted while all operato
contributing to the diagonal elements of the centrifugal c
pling matrix are retained. As a result, the collision problem
parametrized by three constants of motion: total energyE,
total angular momentumJ andV. The partial wave functions
are expanded in terms of products of vibrational and ro
tional functions of the diatomic molecule with expansion c
efficients being functions of the interparticle separation (R),

CJV5
1

R(
v, j

Fv j
JV~R!xv

j ~r !Yj V~Q,0!. ~2!

Substitution of the expansion~2! into the stationary
Schrödinger equation with the total Hamiltonian of the tr
atomic system results in a system of coupled second-o
differential equations to be solved for fixed values ofE, J,
andV:
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dR2 1kv j
2 2

J~J11!1 j ~ j 11!22V2

R2 GFv j
JV~R!

52m (
v8, j 8

^v j VuV~r ,R,Q!uv8 j 8V&Fv8 j 8
JV

~R!. ~3!

In this equationm is the reduced mass of the colliding pa
ticles,kv j5A2m(E2ev j ), andev j is the energy of the rovi-
brational channeluv j &. The three-dimensional interaction po
tential V(r ,R,Q) depending on all Jacobi coordinates
conventionally expanded in a series of Legendre polynom
that allows to evaluate integrals over the angular part of
problem analytically.28 Integrals over ther variable are
evaluated numerically using 50-point Gauss–Herm
quadratures. The vibrational wave functions (xv

j ) as well as
the rovibrational energy levels (ev j ) of the diatomic mol-
ecule are determined numerically by solving

F2
1

2mCO

d2

dr2 1VCO~r !1
j ~ j 11!

2mCOr 2Gxv
j ~r !5ev jxv

j ~r !,

~4!

wheremCO denotes the reduced mass of the diatomic and
spectroscopic potentialVCO(r ) has been taken from Ref. 2
in the form of a Simons–Parr–Finlan function. The use
this potential gives the energy levelsev j very close to the
experimental values presented, e.g., in Ref. 30. We note
the vibrational wave functions used in the present work
evaluation of the matrix elements entering Eq.~3! are depen-
dent on the rotational quantum numberj .

Asymptotic solution of Eq.~3! yields a scatteringS ma-
trix from which the cross sections for rovibrational trans
tions are obtained as

sv j→v8 j 8~E!5
p

~2 j 11!kv j
2 (

J
~2J11!

3 (
V50

Vmax

~22dV0!uSv j ;v8 j 8
JV

~E!u2. ~5!

In this expressionVmax is limited by min(J,j,j8). The energy
dependence of the cross sections can be integrated with
Maxwell–Boltzmann weighting function to give rate con
stant forv j→v8 j 8 transitions,

kv j→v8 j 8~T!5S 8kbT

pm D 1/2E
0

`

sv j→v8 j 8~E!

3exp~2E/kBT!
EdE

~kbT!2 , ~6!

wherekB is the Boltzmann constant andT is the temperature
The experimentally observable rate constant for vibratio
relaxation of thev state is obtained by summation of the
state-resolved rate constants over all final rotational st
and Boltzmann averaging over all initial rotational states
follows:

kv→v85
( j~2 j 11!exp@2~ev j2ev j 50!/kBT#( j 8kv j→v8 j 8

( j~2 j 11!exp@2~ev j2ev j 50!/kBT#
.

~7!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The potential energy surface for the He1CO interaction
V(r ,R,Q) has been a subject of several rece
studies.4,14,31–37In the present work we use the PES by He
men and co-workers14 that includes an explicit dependenc
on the vibrational coordinater . This PES was used by Heij
men and co-workers14 for calculation of the bound state en
ergies and the infrared spectrum of the HeCO complex
were found to be in a good agreement with experimen
data. Reid and co-workers7 and Balakrishnan and
co-workers9 have also employed this PES for their dynam
cal calculations. Another three-dimensional PES has rece
been generated by Kobayashiet al.4 The dynamical calcula-
tions performed on this PES in Ref. 4 have shown that it is
similar quality to the PES by Heijmen and co-workers.14

All scattering calculations presented in this paper
performed using the program recently developed by the
thor for accurate and approximate quantum mechanical
culations of cross sections for inelastic collisions of diatom
molecules with atoms. The performance of the code has b
tested against literature data and selected results obtaine
two alternative programs:MOLSCAT38 andHIBRIDON.39 More
details concerning the program used in the present work
be found on the web.40

III. RESULTS

In order to compute the experimentally observable r
constants for vibrational relaxation~VR! of CO(v51) by He
in a wide range of temperatures we perform VCC-CS cal
lations of cross sections foruv51,j &→uv50,j 8& transitions
at 41 V-values and 99 total collision energies in the ran
3235– 10 332 cm21. All calculations are checked to be con
verged with respect to integration parameters and a t
number of 80 partial waves are taken in the sum in Eq.~5! to
ensure convergence of cross sections for VR at high e
gies. Equation~3! is propagated to the maximum grid valu
R540 Å. A total number of 55 rotational levels in th
ground vibrational state of CO, 52 rotational levels ofv
51, 40 rotational levels ofv52, and 23 rotational levels o
v53 are taken in the basis set for the calculations. The c
putations are performed at every second partial wave and
resulting cross sections are multiplied by 2. We have foun27

that the cross sections for VR of CO molecules at low co
sion energies are sensitive to high-order Legendre com
nents in the angular expansion of the interaction poten
when theJ-labeled CS approach and accuratej -dependent
vibrational wave functions are used for the calculations. T
sensitivity of cross sections for VR of CO to details of qua
tum calculations has been investigated in the accompan
paper27 and a total number of 39 terms in the Legendre
pansion of the potential are used in the present work
order to evaluate the low-magnitude terms of the Legen
expansion accurately we use Gauss–Legendre quadra
with 50 points. We have repeated calculations with 80 po
in the quadratures and the results have not changed. T
nally verify the validity of our calculations we have com
puted selected cross sections with an alternative prog
MOLSCAT38 and repeated calculations of the previous lite
ture data for He1CO vibrationally inelastic scattering7,17,27

using the same propagators and integration parameters.
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test calculations we have obtained values differing from
reference data by not more than 1%. It must be noted, h
ever, that cross sections for VR in He1CO collisions at low
energies (<100 cm21) are so small that even slight varia
tions of the basis set, the angular expansion of the interac
potential, or the asymptotic energies of CO may significan
affect quantitative values of the cross sections. In addition
has been pointed out by Reid and co-workers10 and Bal-
akrishnan and co-workers,9 the rate constants for VR in He
1CO collisions at low temperatures are influenced by sc
tering resonances. We have done our best to obtain the
converged results at these low collision energies but
reader and the future investigator should be warned that
quantitative results at temperatures below 70 K must
treated with caution.

Table I presents averaged rate constants for VR
CO(v51) by He in comparison with the previously pub
lished data of Reid et al.7 and experimental
measurements.1,2,12 The main difference of our calculation
from those of Reidet al.7 at low temperatures is in the vi
brational basis functions used for evaluation of matrix e
ments in Eq.~3! and the labeling of the CS approximatio
We use exact vibrational wave functionsxv

j depending on the
rotational quantum number and theJ-labeled CS approach
while Reidet al. have used harmonic vibrational wave fun
tions in thel -labeled CS calculations. Table I illustrates th
our rate constants at temperatures below 300 K are close
experimental values than the data by Reidet al.7 by about
55% on average. The sensitivity of cross sections for VR
heavy diatomic molecules to the choice of vibrational wa
functions and the different parametrization of the CS a
proximation has been analyzed in detail in the accompany
paper.27 It can be seen from Table I that our calculations a
in close agreement with experimental data over the wh
interval of temperatures considered. This agreement i
wide range of temperatures indicates that the PES of H
men et al.14 accurately describes the He1CO interaction
over large variations of the Jacobi coordinates and the

TABLE I. Rate constants for vibrational relaxation of CO(v51) by He
(cm3 molecules21 s21).

T ~K! Reference 7 Experimenta Experimentb This work

35 1.82310220 3.0310220
¯ 2.91310220

40 2.11310220 3.7310220
¯ 3.45310220

50 2.90310220 5.2310220
¯ 4.90310220

70 5.71310220 9.4310220
¯ 9.95310220

85 9.51310220 1.6310219
¯ 1.64310219

100 1.51310219 2.4310219
¯ 2.62310219

150 6.10310219 1.0310218
¯ 9.98310219

200 2.01310218 3.3310218
¯ 3.00310218

250 5.70310218 8.9310218
¯ 7.71310218

290 1.17310217 1.6310217
¯ 1.50310217

580 ¯ ¯ 4.6310216 4.03310216

939 ¯ 4.4310215 3.5310215 3.62310215

1027 ¯ 6.2310215 5.0310217 5.20310215

1310 ¯ 1.8310214 1.2310214 1.23310214

1500 ¯ ¯ 2.0310214 1.82310214

aReference 12.
bReference 2.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4520 J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 Roman V. Krems
approximation that we are using is accurate for the pres
system.

Table II shows rate constants for VR of CO(v51,j ) by
He as functions of the initial rotational quantum number
three translational temperatures. At low temperature,T
530 K, the rate constant shows a slight increase and t
decreases with initial rotational excitation, whereas at hig
temperatures,T5300 and 800 K, the rate constants increa
monotonously asj increases up to the value 25. The increa
of the rate constant is faster atT5300 K than at T
5800 K. The interpretation of such behavior of rate co
stants can be obtained from Fig. 1 where we plot the dep
dence of cross sections for VR of differentuv51,j & levels on
the translational collision energy. The curves correspond
to different initial j levels show similar dependence in th
high energy interval with cross sections for VR of high
rotational states being larger by approximately an energy
dependent factor. At low energies, however, the cross
tions for VR of high rotational states of CO tend to ze
much faster than the cross sections for VR of lowerj states
and the curves cross.

More detailed information on the mechanism of VR c
be obtained from an analysis of rotational distributions
diatomic molecules after VR. Figure 2 presents diagrams
the rotational distribution of the CO molecule after VR
variousuv51,j & states at the collision energy 10 cm21. The
resonant rotational levels (j res) of v50, i.e., the levels which
are closest in energy to the initial rotational levels ofv51
( j i), are also shown on the graphs. The rotational distri
tion after VR of low j levels is broad and centered in th

TABLE II. Rate constants for vibrational relaxation of CO(v51,j ) by He
(cm3 molecules21 s21).

j
T530 K
(310220)

T5300 K
(310217)

T5800 K
(310215)

0 2.23 1.04 1.01
1 2.69 1.06 1.02
2 2.60 1.09 1.01
3 2.26 1.13 1.02
4 2.38 1.17 1.04
5 2.49 1.23 1.07
6 2.69 1.30 1.10
7 2.98 1.39 1.12
8 3.23 1.49 1.17
9 3.55 1.61 1.22
10 3.73 1.73 1.30
11 3.88 1.87 1.36
12 3.87 2.02 1.43
13 3.39 2.18 1.51
14 2.81 2.35 1.60
15 2.61 2.55 1.69
16 2.38 2.78 1.79
17 1.97 3.02 1.90
18 1.76 3.31 1.58
19 1.72 3.62 2.17
20 1.60 3.96 2.30
21 1.39 4.32 2.44
22 1.28 4.71 2.59
23 1.32 5.12 2.75
24 1.36 5.56 2.91
25 1.32 6.03 3.08
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region of low j values. As the initial rotational excitation
increases, the final rotational distribution narrows and sh
toward largerj values, peaking in the case of VR ofj 538
close to the resonant rotational level. This type of ne
resonant energy transfer has been obser
experimentally18–20and in theoretical calculations for the d
atomic molecules possessing small moments of inertia~H2,
HF, Li2!.18,41–44Figure 2 illustrates that molecules with sma
rotational constants like CO can also exhibit near-reson
VR if they are initially at high levels of rotational excitation
Diagrams of the final rotational distributions after VR of di
ferent rotational levels of CO by He at higher collision e
ergies are shown in Figs. 3 and 4. An increase of the collis
energy broadens the final rotational distribution supporti
in the case of VR of low rotational states, population
higher rotational levels up to the resonant one.

It has been proposed by Schinke and Diercksen16 to use
the RIOS factorization formula for scaling cross sections
VR of uv51,j 50& computed in the VCC-CS formalism t
higher initial j values. The RIOS factorization formula i
given by

sv51,j→v50,j 85(
j 9

C2~ j j 9 j 8u000!sv51,j 50→v50,j 9 , ~8!

where C( j , j 8, j 9u000) is the Clebsch–Gordan coefficien
From Eq.~8! and the unitarity of the Clebsch–Gordan coe
ficients it follows that

(
j 8

sv51,j→v50,j 85(
j 9

sv51,j 50→v50,j 9 , ~9!

and rate constants in Table II should be independent of
initial rotational quantum number. The RIOS factorizatio
formula has been checked for the He1CO system in Ref. 16
at a single collision energy that could not give an adequ
account of the applicability of Eq.~8!. Table II illustrates that
the RIOS factorization formula will produce accurate~to
within 50%! results for the total rate constant for VR o

FIG. 1. Energy dependence of cross sections for vibrational relaxatio
CO(v51,j ) by He: full curve—j 50, dot–dashed curve—j 510, dotted
curve—j 530, broken curve—j 540.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. Rotational distributions after vibrational relax
ation of CO(v51,j i) by He. Values of energetically
closest rotational levels ofv50 ( j res) below j i are also
indicated. The collision energy is 10 cm21.
o
n
-
fo

h
ion
tor

high
the
CO(v51) by He at low (;30 K) and high (>800 K) tem-
peratures. It may not be so at temperatures close tT
5300 K. Approximately 25 rotational levels should be co
sidered in summation Eq.~7! in order to obtain the con
verged value of rate constant at this temperature and it

FIG. 3. The same as in Fig. 2 but for the collision energy 307 cm21.
Downloaded 16 Mar 2002 to 131.142.25.154. Redistribution subject to A
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lows from Table II that rate constants for VR of hig
rotational states of CO obtained from the RIOS factorizat
formula will underestimate the CS values by as large a fac
as 6. This is a consequence of the near-resonant VR of
rotational states of CO that cannot be reproduced within
RIOS approximation.

FIG. 4. The same as in Fig. 2 but for the collision energy 1090 cm21.
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TABLE III. Cross sections (Å2) for vibrationally elastic rotational excitation of CO(v, j 50) by He. The numbers in parentheses denote the vibrational s
in the basis andN is the total number of rovibrational basis states. Collision energy is 1000 cm21.

Basis N j50→ j 53 j 50→ j 55 j 50→ j 510 j 50→( j 8

v55
~5! 41 2.675 3.384 1.181 22.144

~4,5,6! 118 2.675 3.384 1.180 22.142
~3,4,5,6! 174 2.674 3.384 1.180 22.142
~2, . . . ,6! 230 2.675 3.384 1.180 22.142
~1, . . . ,6! 286 2.675 3.384 1.180 22.142

Full CS ~0, . . . ,6! 342 2.675 3.384 1.180 22.142

v510
~10,11! 44 3.290 3.841 1.351 22.982

~9,10,11! 92 3.291 3.838 1.358 22.987
~8,9,10,11! 148 3.291 3.838 1.359 22.987

~7,8,9,10,11! 204 3.291 3.838 1.359 22.987
~6, . . . ,11! 260 3.291 3.838 1.359 22.987
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In order to compute cross sections and rate constant
VR of higher vibrational states of CO thanv51, we perform
coupled states calculations using local basis sets of vi
tional wave functions that neglect low vibrational stat
making an apparently small contribution to dynamics of
vibrational state of interest. The partial wave expansion
Eq. ~2! is modified as follows:

CJV5
1

R (
v85v2n

v85v1m

(
j

Fv8 j
JV

~R!xv8
j

~r !Yj V~Q,0!, ~10!

wherev denotes the vibrational level of interest and the s
ond summation is performed over all rotational states of
given vibrational level. The convergence of the cross s
tions can now be sought by gradually increasing both them
and n parameters. Tables III and IV illustrate the conve
gence of cross sections for rotational and vibrational rel
ation of high vibrational levels of CO with respect to vari
tion of the lower cutoff parametern. For all calculations we
use 55 rotational states~providing they are below the uppe
cutoff energy that is found from separate convergence te!
in each vibrational level. It follows from Table III that th
rotational energy transfer is not affected by the presenc
lower vibrational states in the basis set and the calculatio
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rotationally inelastic cross sections can be made using o
one vibrational level in expansion~10!. Cross sections for
state-resolved and total VR ofv55 andv510 ~Table IV!
are well converged in a basis of four vibrational statesv
11,v,v21,v22). It may be noticed that convergence
cross sections for VR is slower when CO is initially inv
510, which is a consequence of a closer spacing of vib
tional states aroundv510.

Table V collects room temperature rate constants for
brational relaxation and purely rotational excitation of va
ous uv, j 50& states of CO as functions of the vibration
quantum number. The vibrational energy transfer is sign
cantly enhanced by increasing thev number, whereas rate
constants for vibrationally elastic total rotational relaxati
are almost not affected by changes of the initial vibratio
level. This is in agreement with results previously obtain
for vibrational and rotational relaxation of vibrationally ex
cited HF molecules by Ar atoms.21 Figure 5 shows energy
dependencies of cross sections for VR of variousuv, j 50&
levels of CO by He. The curves corresponding to differe
initial vibrational states are different by an energy indepe
dent factor. The significant increase of vibrational relaxat
with initial vibrational excitation has also been observed
s
rgy
TABLE IV. Cross sections (Å2) for vibrational relaxation of CO(v, j 50) by He. The numbers in parenthese
denote the vibrational states in the basis andN is the total number of rovibrational basis states. Collision ene
is 1000 cm21.

Basis N sv, j 50→v21,j 850 sv, j 50→v21,j 8510 sv, j 50→v21,( j 8 sv, j 50→(v8, j 8

v55
~4,5,6! 118 0.110431025 0.158331025 0.285731024 0.285731024

~3,4,5,6! 174 0.112531025 0.192631025 0.325931024 0.326031024

~2,3,4,5,6! 230 0.112631025 0.193031025 0.326531024 0.326531024

~1,2,3,4,5,6! 286 0.112631025 0.193031025 0.326531024 0.326531024

Full CS ~0, . . . , 6! 342 0.112631025 0.193031025 0.326531024 0.326531024

v510
~9,10,11! 105 0.99931025 0.56831025 0.195031023 0.195031023

~8,9,10,11! 148 0.115331024 0.821231025 0.235131023 0.235631023

~7,8,9,10,11! 204 0.116431024 0.828731025 0.237231023 0.237831023

~6,7,8,9,10,11! 260 0.113131024 0.851331025 0.236131023 0.236731023

~5,6,7,8,9,10,11! 316 0.136931024 0.928131025 0.241231023 0.241831023
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the quantum mechanical close coupling calculations of vib
tionally inelastic transitions in the H1H2 collisions in Ref.
45, where it was shown that the matrix elements coupl
adjacent vibrational levels are significant over a wider ran
of intermolecular separationR, when H2 is vibrationally ex-
cited, due to a greater stretching of the diatomic molecule
does not explain, however, why the purely rotational ene
transfer, at least for the cases of He1CO and Ar1HF21 col-
lisions, is not affected by the vibrational excitation. Unfort
nately, no systematic experimental investigations of the
brational and rotational energy transfer in vibrationa
excited CO molecules have been reported. It will be intere
ing to see if experimental measurements will verify the p
dicted trends.

IV. SUMMARY

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

~i! Accurate vibrationally close coupling-coupled stat
calculations of the rate constants for vibrational relaxation
CO(v51) by He are performed and compared with expe
mental measurements in a wide range of temperatures
tending to 1500 K. The theoretical results are in close ag
ment with experimental data in the whole range
temperatures considered.

TABLE V. Room temperature rate constants for total vibrational relaxat
and total rotational excitation of CO(v, j 50) by He (cm3/molecules s21).
The notation( j 8 is used for the rate constants summed over finalj 8 levels.

v kv, j 50→v21,( j 8 kv, j 50→v( j 8

1 1.04310217 3.65310210

3 4.39310217 3.66310210

5 6.45310217 3.70310210

7 2.32310216 3.74310210

10 7.00310216 3.80310210

FIG. 5. Energy dependence of cross sections for vibrational relaxatio
CO(v, j 50) by He: full curve—v51, broken curve—v53, dot–dashed
curve—v55, dotted curve—v57, short dash curve—v510.
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~ii ! The role of the initial rotational quantum number fo
vibrational relaxation of CO(v51) is investigated and it is
shown that the CO molecules can exhibit near-resonant
ergy transfer when they are initially in high rotational exc
tation and the collision energy is small. The final rotation
distribution broadens as the collision energy increases.
final population of high rotational states ofv50 which are
close in energy to the initial rotational state ofv51, how-
ever, remains predominantly large after vibrational relaxat
of high rotational states of CO even at high collision en
gies.

~iii ! Evidence is given that the rotationally infinite-orde
sudden factorization formula will produce accurate resu
for the total vibrational relaxation rate constants at lo
(;30 K) and high (>800 K) temperatures but may unde
estimate the coupled states results by a large factor at
intermediate temperatures.

~iv! A reduced channel coupled states approach us
energetically local vibrational basis sets is implemented
calculations of rate constants for vibrational and rotatio
energy transfer in collisions of vibrationally excited CO mo
ecules with He atoms. It is shown that increasing initial
brational excitation results in a significant increase of vib
tional relaxation but does not affect purely rotational ene
transfer.
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