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Vibrational and rotational energy transfer in collisions of vibrationally
excited HF molecules with Ar atoms

Roman V. Kremsa) and Sture Nordholm
Department of Chemistry, Physical Chemistry, Go¨teborg University, SE-412 96, Go¨teborg, Sweden

~Received 28 November 2000; accepted 18 April 2001!

This work presents converged vibrational close coupling-rotational coupled states calculations of
cross sections and rate constants for rotational and vibrational transitions in collisions of
vibrationally excited HF molecules with Ar atoms. Reduced channel basis sets assuming both a
lower and an upper cutoff in vibrational quantum number are used for calculations at high internal
energies of the diatomic molecule. The most recent potential energy surface is employed for the
calculations and the correspondence of the results to the previous investigation of rovibrational
dynamics in collisions of HF(v51) with Ar is examined. It is shown that initial vibrational
excitation stimulates vibrationally inelastic transitions to a great extent while the rotational energy
transfer is essentially unaffected by initialv-number. The cross sections for vibrational relaxation of
different vibrational levels of HF are shown to exhibit a strong dependence on initial rotational
energy which is, however, of different magnitude for different vibrational states. The dependence of
the vibrational relaxation of HF(v51,3,6) on the translational energy of the atomic collision partner
is different by an energy independent factor for different vibrational levels in the high energy limit
and shows minima at low collision energies. ©2001 American Institute of Physics.
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I. INTRODUCTION

Many experimental studies of Ar1HF inelastic colli-
sions have been performed to provide data for hydro
fluoride chemical lasers,1–3 investigate mechanisms underl
ing detailed energy transfer3–6 or test and refine interactio
potential energy surfaces.5,6 While the experiments agre
well for low rotational and vibrational states of HF, the tec
niques for measurement of collision cross sections in vib
tionally excited HF1Ar meet with certain difficulties leading
sometimes to controversial results. For example, Bar
et al.7 have reported that rotational energy transfer
Ar1HF(v51) and HF(v52) collisions is essentially inde
pendent of the initial vibrational state, whereas the result
Copeland et al.,8 who measured rotational relaxation
HF(v52) by Ar, have arrived at rates that are only ha
those obtained by Hinchen and Hobbs9 for the v51 state of
HF. At the same time, BelBruno and co-workers10 have in-
verted the argon-broadened HF infrared linewidths to ob
rate constants for rotational energy transfer in thev50,1,2
states of HF. Their results have shown that rotational tra
tion intensities increase with vibrational excitation. Vibr
tional relaxation~VR! of vibrationally excited (v>2) HF by
Ar has not been measured accurately, but the experim
with other collision partners2,11,12 revealed some interestin
phenomena such as a rapid increase of VR rates with in
vibrational excitation and a significant variation of this d
pendence with nature of the collision partner. Smith a
Wrigley2 measured upper bounds of the rate constants
VR of HF(v53,4,6) in collisions with Ar which are also
increasing with initialv number.

a!Electronic mail: roman@phc.gu.se; Telefax:146-31167194
2570021-9606/2001/115(1)/257/7/$18.00
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Several experimental studies of rotationally inelas
Ar1HF scattering have been accompanied by rigorous c
coupling and coupled states calculations on various poten
energy surfaces~PES!.4,6,13,14These calculations, showing a
impressive agreement with experimental data, provided a
tailed understanding of Ar1HF interaction and assisted in
terpretation of many interesting observations like the vel
ity structure in the collisionally excited Doppler profiles6 or
the shoulder behavior of inelastic differential cro
sections.13 Most theoretical studies of rotational transitions
Ar1HF collisions have, however, been limited to the grou
and first excited vibrational states of HF and no system
investigation of rotational energy transfer in vibrationally e
cited HF1Ar has been performed to our knowledge. The
retical studies of vibrationally inelastic Ar1HF collisions
have been hampered by the lack of a reliable three dim
sional PES and most of the works are of model character.15,16

Thompson17 has performed quasiclassical trajectory calcu
tions of vibrational and rotational relaxation of HF at thr
vibrational and several rotational states on a highly appro
mative model potential. His results indicated that rotatio
energy transfer is not affected by initial vibrational excitati
and the dominant energy transfer pathways are R–T
V–T at considered collision energies. In the preced
work,18,19 denoted hereafter as Paper I, we have perform
vibrational close coupling-coupled states~VCC-CS! calcula-
tions of experimentally observable rate coefficients for ro
tional and vibrational energy transfer in Ar1HF collisions
on a newly developed three-dimensional PES.20 The results
of Paper I have illustrated that~1! VR of HF(v51,j ) has a
quasiresonant character leading to a predominant popula
of the two energetically nearest rotational levels
© 2001 American Institute of Physics
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v50 after collision;~2! vibrationally inelastic transitions in
the Ar1HF(v51) collisions are 5–6 orders of magnitud
less probable than rotationally inelastic ones;~3! vibrational
excitation of HF up to the levelv54 as well as rotationa
excitation of HF(v51) increase VR rates to a great exten

The main goal of the present work is to extend the c
culations of Paper I to even higher vibrational energies of
and observe the correspondence of the dynamics of rovi
tional energy transfer in highly excited diatomic molecule
that of HF in its low vibrational states. For this purpose w
perform the VCC-CS calculations with a reduced number
open channels implying an expansion of partial wave fu
tions in an energetically local basis set. This allows effici
calculations of converged cross sections for rovibratio
transitions in HF excited up tov512. At various levels of
vibrational excitation of HF we investigate the competiti
of vibrational and rotational energy transfer and the role
vibrational, rotational and translational energy for VR
Ar1HF collisions. The rate constants for one quantum ro
tional relaxation of several rotational levels of HF in thr
vibrational states are also computed using the rigorous c
coupling and coupled states formalisms and compared
the previously available data by BelBruno and co-worker10

obtained by inversion of the argon broadened HF spec
widths.

The dynamical calculations of the present work a
briefly reviewed in Sec. II and the results are presented
Sec. III. Section IV summarizes the conclusions. A disc
sion of convergence of the reduced channel calculation
high internal energies of the diatomic molecule is given
the Appendix.

II. DYNAMICAL CALCULATIONS

For dynamical calculations of the present work we u
the J-labeled variant of the vibrational close couplin
coupled states approach as developed and describe
Pack.24 The details of the calculations for the present Ar1HF
system are given in Paper I. Very briefly, the coupled sta
approximation~CSA! ~Ref. 24! is applied to the centrifuga
term in the total Hamiltonian and the partial wave functio
(CJV) are expanded in terms of products of translatio
(Fv j

JV), vibrational (xv
j ) and rotational (Yj V) functions as

follows:

CJV5
1

R (
v2n

v1n

(
j

Fv j
JV~R!xv

j ~r !Yj V~Q,0!, ~1!

wherev denotes the initial vibrational level,n is a positive
integer, and the second summation is performed over al
tational states (j ) of the given vibrational level up to a spec
fied energy limit. The number of vibrational states in t
basis set is thus normally equal to 2n11, n being determined
by both the collision system and the internal energy of
diatomic molecule~see Appendix!. R, r, andQ in the above
equation denote the conventional Jacobi coordinates re
senting the Ar–HF center of mass separation, HF bo
length, and the angle between the vectors correspondingr
and R as shown, e.g., in Fig. 1 of Paper I. Substitution
expansion~1! into the stationary Schro¨dinger equation leads
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to a system of CC–CS equations to be solved for fixed v
ues of the total angular momentum for the collision (J) and
its projection onto the body fixed quantization axis (V),

F d2

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!. ~2!

The 3D PESV(r ,R,Q) entering the matrix elements in Eq
~2! is expanded in a Legendre series that allows us to ev
ate the integrals over rotational wave functio
analytically.25 The integrals over the vibrational wave fun
tions are evaluated numerically using a 50 point Gaus
Hermite quadrature scheme. The asymptotic solution of
~2! yields a scatteringS-matrix from which the total cross
sections for rovibrational transitions are derived. To comp
the S-matrix elements describing the probability for th
j→ j 8 transitions at a given value ofJ the calculations are
performed atm11 values ofV (V50,...,m), m being equal
to min(J,j,j8). No distinction between different parities i
made within the CS approximation and allS-matrix elements
for VÞ0 are multiplied by 2.

The J-labeled CS approach24 has been chosen for th
present work due to its simplicity and relatively low comp

FIG. 1. Cross sections for theuv, j 50&→uv21,j & transitions in the Ar
1HF collisions. The collision energy is 1300 cm21.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tational costs. An alternativel-labeled formulation of the CS
approximation originally developed by McGuire and Kour26

and investigated and used by many researchers27,28 is known
to give better results for orientation dependent quantitie28

Being interested in the averaged quantities and mostly qu
tative analysis in this paper, we believe that theJ-labeled
approach is acceptable for the present purposes. As has
pointed out by the referee of the present manuscript, the
approximation is based on derivations using an incorrect
nematic law.29 Thus, it is not possible to reliably assess t
accuracy of the CS approximation. Notwithstanding this d
ficulty, Refs. 24, 27, 28, as well as many other works sh
that the CS approach can be used as a computational me
providing the results are tested by comparison with m
rigorous calculations in every particular case.

The rovibrational energy levels of HF as well as t
vibrational wave functions depending on rotational quant
numbers are obtained by numerical solution of the Sch¨-
dinger equation for the diatomic molecule. The HF intera
tion potential, taken from the work of Stark and Werner,30 is
in the form of an extended Rydberg function that provid
energy levels close to the experimentally determined valu
More details concerning the HF interaction potential as w
as some spectroscopic data calculated from this potential
compared with experimental values are given in the origi
work.30 For the Ar1HF interaction we employ the perturba
tion theory diatomics-in-molecule based PES of Buc
achenkoet al.20 The potential used in the present work a
in Paper I has been constructed exactly as prescribed in
20. Recent investigations of Shroll and Barker21 have, how-
ever, shown that there is an inconsistency between the
tentials used in Ref. 20 for spectroscopic calculations an
Paper I for scattering calculations. The reinspection of
PES by the authors of Ref. 20 revealed22 an error in the
original code used for calculations in their work. As a resu
the potential used in the current study is based on a cor
diatomics-in-molecule formulation but, unlike the potent
used in Ref. 20, does not reproduce the bound state ene
of the ArHF complex equally well. Our calculations, how
ever, show that the rate constants for collisional energy tra
fer calculated on the potential that we are now using ag
well with experimental data. In addition, recent work
Shroll and co-workers23 has illustrated that rate constants f
vibrational relaxation computed on their newly develop
PES are similar to those obtained in the calculations us
our potential.

III. RESULTS

In order to perform the close coupling-coupled sta
calculations of cross sections for rotational and vibratio
energy transfer in vibrationally excited HF1Ar we expand
the total wave function in Eq.~1! in terms of energetically
local basis states that lead us to ignore low energy vib
tional states making an apparently small contribution to
dynamics of the given vibrational level of HF. The conve
gence of such reduced channel coupled states calculatio
discussed in the Appendix. All calculations of the pres
section, except when HF is initially in the vibrational stat
v511 andv512, are converged to within 1% with respe
Downloaded 28 Jun 2001 to 129.16.97.195. Redistribution subject to A
li-

een
S
i-

-

od
e

-

s
s.
ll
nd
l

-

ef.

o-
in
e

,
ct

l
ies

s-
e

g

s
l

-
e

is
t

to the number of vibrational basis states, the parameter
the integration of the coupled equations and the numbe
partial waves. For the dynamics of HF(v511) and HF(v
512) the calculations are converged to within 10%.

A good agreement of our calculations with the be
available experimental rate constants for rotational and
brational relaxation of HF in collisions with Ar has bee
demonstrated in Paper I where we also discuss the accu
of the coupled states approximation with reference to
data available in the literature. In addition, we compare
Table I the rate constants for one quantum rotational re
ation (j→ j 21) of HF in several vibrational and rotationa
states calculated with the coupled states method and the
orous close coupling approach treating the projection of
angular momentum (V) accurately. Only one vibrationa
state is considered in the basis set for these calculations
give, in accord with the results presented in the Append
the fully converged cross sections. The coupled states re
deviate from the corresponding close coupling values by
more than 30% in the worst case and the accuracy of
coupled states approximation improves with initialj-number.
The accuracy of the coupled states approximation is the s
for all three vibrational levels considered. The data
BelBruno and co-workers,10 obtained by inversion of the
argon-broadened HF infrared linewidths, are also shown
Table I. Our close coupling results differ from the values
BelBruno and co-workers by a factor of 2.5 at low initi
j-values and approach the inverted rate constants at hi
rotational states where the agreement is to within a few p
cent. We find the overall agreement good since similar c
culations of rotational relaxation rates in pure HF in the e
lier work of BelBruno et al.10 differ from the available
classical trajectory data by two orders of magnitude and
the case of Ar1HF collisions the authors10 used somewha
noisy data for the linewidths.

TABLE I. Room temperature (T5300 K! rate constants in units of
cm3 s21 molec21 for one quantum rotational relaxation in HF(v)
1Ar: kj→ j 21

v .

j CC–CS method CC method Ref. 10

v50
1 0.279310210 0.392310210 1.148310210

2 0.381310210 0.424310210 1.003310210

3 0.554310210 0.562310210 0.693310210

4 0.439310210 0.450310210 0.440310210

5 0.327310210 0.392310210 0.285310210

v51
1 0.366310210 0.493310210 1.156310210

2 0.345310210 0.404310210 1.053310210

3 0.566310210 0.574310210 0.773310210

4 0.467310210 0.484310210 0.528310210

5 0.360310210 0.382310210 0.388310210

v52
1 0.413310210 0.557310210 1.193310210

2 0.281310210 0.359310210 1.153310210

3 0.548310210 0.544310210 0.938310210

4 0.487310210 0.511310210 0.782310210

5 0.391310210 0.423310210 0.628310210
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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It has been shown in Paper I that the vibrational rel
ation of HF(v51,j 50) by Ar has a quasiresonant charac
leading to a predominant population of the energetica
nearest levels of the ground vibrational state. Figure 1 sh
the final rotational distributions of HF after one quantu
vibrational relaxation of variousuv, j 50& states in collisions
with Ar. The quasiresonant character of vibrational rela
ations persists when the diatomic molecule is vibrationa
excited to as high a level asv512. Although the relative
populations of differentj-levels after VR of theuv, j 50&
states depend on the interaction anisotropy31 and relative
spacing of the rotational levels, which both change with
v-number, the general shape and relative magnitude of
peaks in the final rotational distribution after VR of differe
vibrational states remain similar.

It may also be seen from Fig. 1 that the absolute val
of cross sections for vibrationally inelastic transitions
crease by several orders of magnitude with an increase o
initial excitation of the HF molecule to high vibrationa
states. Figure 2 shows the dependence of cross section
one quantum rotational transitions, multiple quantum ro
tional transitions and one quantum vibrational relaxat
upon the initial vibrational quantum number calculated
collision kinetic energy 1300 cm21. The one and two quan
tum rotational transitions are almost independent of the
brational energy whereas the cross sections for one quan
vibrational relaxation increase by almost 5 orders of mag
tude as the initial vibrational quantum number changes fr
1 to 10. The cross sections for many quantum rotational tr
sitions behave similarly to vibrationally inelastic cross se
tions but show a slower increase with initial vibrational e
ergy. The quantitative information on the dependence of
rotational and vibrational energy transfer on the vibratio
quantum number can be obtained from Table II, where
also include the data for initial vibrational states withv
511 andv512. It may be seen that at low levels of vibr
tional excitation the rotational energy transfer is several
ders of magnitude faster than the vibrational energy trans

FIG. 2. Cross sections for rotational excitation of HF(v, j 50) to the levels
uv, j 51& ~squares!, uv, j 52& ~triangles!, uv, j 58& ~diamonds!, and the one
quantum vibrational relaxation of HF(v, j 50) ~circles!. The collision en-
ergy is 1300 cm21.
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As the initial vibrational energy increases, the vibration
relaxation of theuv, j 50& levels starts to compete with rota
tionally inelastic transitions and even exceeds the multi
quantum rotational transitions at very high levels of vibr
tional excitation.

We have noted in Paper I that the vibrational relaxat
rates in the Ar1HF collisions show a very strong depen
dence on the initial rotational energy of HF and depend o
weakly on the initial kinetic energy of the colliding particle
This supports the idea of Nikitin16 who suggested that th
vibrational energy redistribution in HF1Ar encounters is in-
duced by rotational collisions of the diatomic molecule w
the incoming atom. The vibrational relaxation of HF shou
therefore, be more determined by the amount of initial ro
tional rather than by the translational energy. In Fig. 3
show the cross sections for theuv, j &→uv21,( j 8& transi-
tions at collision energy 2000 cm21 for v51, v53, andv
56. For comparison purposes all cross sections are divi

TABLE II. Cross sections~Å2! for vibrational and rotational relaxation o
HF(v, j 50) by Ar. Collision energy is 1300 cm21. The numbers in paren-
theses denote the final vibrational and rotational states (v8, j 8). The sum-
mation convention( j 8 is used for the totalj-summed cross sections.

v (v,1) (v,2) (v,8) (v21,( j 8)

1 21.24 9.58 0.12631021 0.78631024

2 22.55 10.93 0.23331021 0.37231023

3 20.24 11.80 0.33531021 0.14231022

4 16.65 11.07 0.45931021 0.47331022

5 17.89 9.03 0.66731021 0.16031021

6 24.04 8.75 0.123 0.44131021

7 21.09 11.50 0.298 0.104
8 25.16 11.86 0.731 0.302
9 23.26 15.14 1.278 0.959

10 34.99 5.88 2.051 1.735
11 26.63 10.43 1.891 3.526
12 25.45 8.78 1.009 9.418

FIG. 3. Cross sections for vibrational relaxation of HF(v) by Ar as func-
tions of the rotational energy of HF: broken curve,v51; dotted–dashed
curve,v53; full curve, v56. For comparison purposes all cross sectio
are divided by the one corresponding to the relaxation of theuv, j 50& state:
1.4031024 Å2 (v51), 2.8131023 Å2 (v53), 8.5131022 Å2 (v56).
The collision energy is 2000 cm21.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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by the one corresponding to the relaxation of theuv, j 50&
state. The vibrational relaxation is stimulated by the init
rotational energy for all initial vibrational levels but the d
pendence on the rotational energy is drastically different,
ing almost an order of magnitude stronger when the m
ecule is in thev51 state than when it is in thev56 state.
The dependence of the vibrational relaxation cross sect
on the translational energy of the collision partners~Fig. 4! is
similar for HF in thev51, v53, andv56 states and show
some structure at low collision energies.

The results presented in Figs. 2 and 3 indicate that
mechanism of vibrational energy transfer in Ar1HF colli-
sions apparently changes with increasing initial vibratio
energy of the diatomic molecule. When HF is at low vibr
tional states, its vibration is very stiff and the vibration
transitions are predominantly induced by rotation
collisions,16 hence the strong dependence of vibrational
laxation of v51 on the initial rotational energy~Fig. 3!.
When the HF molecule is vibrationally excited, however, t
absolute magnitude of the direct V–T energy transfer is s
nificantly enhanced and the rotational motion of the diatom
molecule is less important for the vibrationally inelastic tra
sitions. As a result the dependence of vibrational relaxa
on the rotational energy of the diatomic molecule is mu
weaker when HF is initially excited tov56. A significant
increase of vibrational energy transfer with initial vibration
excitation has been also observed by Balakrishnan and
workers in their quantum mechanical calculations of H1H2

collisions.32 These authors have analyzed the coupling m
trix elements responsible for vibrationally inelastic tran
tions and illustrated that the matrix elements coupling ad
cent vibrational levels are significant over a wider range
R-distance due to a greater stretching of the diatomic m
ecule, when H2 is vibrationally excited. This does not ex
plain, however, why the purely rotational energy transfer
almost not affected by initial vibrational excitation. It migh
be that the vibrationally elastic rotational transitions
Ar1HF collisions are fully determined by the anisotropy
interaction of Ar with HF which is very large already whe

FIG. 4. Cross sections for vibrational relaxation of HF(v, j 50) by Ar as
functions of the translational energy of the colliding particles: broken cu
v51; dotted–dashed curve,v53; full curve,v56.
Downloaded 28 Jun 2001 to 129.16.97.195. Redistribution subject to A
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HF is at v50 and increases insignificantly with vibration
excitation of HF. The vibrational motion of the diatom
molecule would then play no role for purely rotational tra
sitions, which is in accord with the results presented in Ta
III of the Appendix leading to the conclusion that the r
vibrational coupling is not important for rotationally inelast
Ar1HF transitions.

IV. SUMMARY

In this work we use the vibrational close couplin
coupled states approach to investigate the rotational and
brational energy transfer in collisions of vibrationally excite
HF molecules with Ar atoms. The calculations performed
the most recent PES give results that can be summarize
follows:

~1! The vibrational energy transfer from vibrational
excited HF molecules shows a qualitatively similar trend
that from HF at low vibrational levels despite a very lar
change in cross section. Thus, the quasiresonant charac
vibrational relaxation of HF(v) resulting in an inverse rota
tional population of HF(v21) persists to as high a vibra
tional level asv512 showing similar patterns in the fina
rotational distribution.

~2! The one and few quantum rotational energy trans
is essentially unaffected by the initial vibrational energ
whereas the cross sections for vibrationally inelastic tran
tions in Ar1HF(v) collisions increase dramatically with th
v-number. As a result, the vibrational relaxation of HF, b
ing 5–6 orders of magnitude slower than rotational ene
transfer at low vibrational levels of the diatomic molecu
becomes comparable in magnitude to one and two quan
rotational transitions and faster than the multiple quant
rotational transitions at high vibrational levels.

~3! The cross section for vibrational relaxation of HF(v
51,3,6) is shown to increase significantly with initial rot

,

TABLE III. Cross sections~Å2! for vibrationally elastic rotational excitation
of HF(v, j 50) by Ar. The numbers in parentheses denote the vibratio
states in the basis andN is the total number of rovibrational basis state
Collision energy is 1300 cm21. The summation convention( j 8 is used for
the totalj-summed cross sections.

Basis N j 50→ j 51 j 50→ j 52 j 50→ j 53 j 50→( j 8

v52
~2! 31 22.555 10.903 2.164 41.574
~1,2,3! 93 22.547 10.927 2.167 41.317
Full CS~0,1,2,3! 191 22.549 10.927 2.167 41.575

v54
~4! 24 16.792 11.121 4.269 41.178
~3,4,5! 73 16.700 11.090 4.282 44.117
~2,3,4,5,6! 118 16.700 11.090 4.282 41.115
~1,2,3,4,5,6,7! 156 16.700 11.090 4.282 41.115
Full CS~0,1,..,7! 193 16.700 11.090 4.282 41.115

v57
~7! 22 21.537 11.447 4.847 50.777
~6,7,8! 65 21.092 11.504 4.777 50.200
~5,6,7,8,9! 111 21.092 11.500 4.778 50.187
~4,5,6,7,8,9,10! 136 21.095 11.499 4.779 50.187
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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262 J. Chem. Phys., Vol. 115, No. 1, 1 July 2001 R. V. Krems and S. Nordholm
tional energy of the diatomic molecule but the dependenc
different for differentv-levels being much stronger in th
v51 case.

~4! The dependence of cross sections for vibrational
laxation of differentv-levels of HF on the translational en
ergy of the colliding particles is similar and shows som
structure at low translational energies.
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APPENDIX: CONVERGENCE OF REDUCED CHANNEL
COUPLED STATES CALCULATIONS

The HF molecule has a very large vibrational frequen
and a small moment of inertia. As a result, the rovibratio
energy spectrum of HF is very sparse and the vibration
elastic rotational transitions in Ar1HF collisions have a sig-
nificantly different nature from the one quantum vibration
transitions, while the one quantum vibrational transitions
several orders of magnitude faster than multiple quan
vibrational transitions. This suggests that if we are interes
in the dynamics~vibrationally or rotationally inelastic! of
some high energyv level it may be possible to neglect a
vibrational statesbelow v2n and abovev1n that corre-
sponds to the partial wave expansion Eq.~1!. The conver-
gence of the results can then be sought by gradually incr
ing n. It should be noted that all rotational states up to
certain energy limit foreach vibrational level must be in-
cluded in the basis set and the convergence with respe
the number of rotational states should be checked as u
Below we will focus on the dependence of the results up
the number of vibrational states in the basis implying that
calculations are fully converged with respect to the num
of j-states.

Table III shows cross sections for vibrationally elas
rotational transitions in the Ar1HF(v, j 50) collisions at the
collision energy 1300 cm21 obtained with different numbe
of vibrational basis states. For all vibrational states cons
ered, the results are almost unaffected by the number o
brational basis states and the values calculated with only
vibrational state in the basis agree very well with the full C
calculations, in the cases whenv52 andv54, and with the
larger calculations in thev57 case.

Cross sections for vibrational relaxation~VR! of two vi-
brational levels of HF obtained with different number of v
brational basis states are collected in Table IV. When
internal energy of HF is rather low (v54) the difference
between vibrational levels is very big and the basis of fi
vibrational states (v22,v21,...,v12), that will be denoted
hereafter as a 5v basis, ensures converged results for o
quantum and total VR cross sections. At a higher inter
Downloaded 28 Jun 2001 to 129.16.97.195. Redistribution subject to A
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energy of the diatomic molecule (v510) the multiple quan-
tum transitions play a greater role which is due to shrink
of the energy gap between vibrational states with increas
energy. The convergence range with respect to the numb
v states is, therefore, larger at high internal energies of
and it may be seen that a 7v basis (v23,v22,...,v13) is
necessary to have the cross sections for VR of HF(v510)
converged to within 1%. We have also performed the c
vergence tests at higher collision energies and found tha
number of vibrational basis states required for converged
culations of VR cross sections in Ar1HF collisions is essen-
tially independent of the collision energy which is again
tributed to the large vibrational frequency of HF.

Tables III and IV also show the number of rovibration
basis states (N) that are included in the calculations. Th
computational effort in solving Eqs.~2! grows with the num-
ber of basis states typically asN3. The data of Tables III and
IV, therefore, illustrate two important points:~1! a great re-
duction of the computational costs may be achieved by us
the vibrationally reduced channel basis set for calculation
atom–diatom scattering when the diatomic molecule is
high excitation;~2! the dimension of the reduced chann
basis set (N) is independent of or increases very slowly wi
the internal energy of the diatomic molecule.

To summarize, the results of the present Appendix
the following:~1! Rovibrational coupling is not important fo
vibrationally elastic rotational transitions in the Ar1HF col-
lisions and only one vibrational state is needed in the ba
set to obtain converged~to within 1% for low vibrational
states and 2% for high vibrational states! cross sections for
rotational relaxation;~2! Five vibrational states (v22,v
21,...,v12) in the basis set should be enough for calcu
tion of cross sections for one quantum and total vibratio
relaxation of low vibrational states, whereas~3! the number
of required vibrational basis states increases with inter
energy of HF and the 7v—or an even larger—basis se
should be used for accurate calculations of vibrational rel
ation of high vibrational levels.
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