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A failing of coupled-states calculations for inelastic
and pressure-broadening cross sections: Calculations on CO o—Ar
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Fully quantal benchmark calculations of pressure-broadening cross sections for infrared and Raman
lines of CQ perturbed by Ar are carried out using both close-coupl®@) and coupled-statd€S)
calculations. CS calculations are found to underestimate the cross sections by up to 15%. The effect
occurs even for isotropic Raman cross sections, which are not affected by reorientation
contributions. The discrepancy arises mostly for collisions with large orbital angular momenta
occurring on the long-range part of the potential. It may be attributed to collisions that are adiabatic
rather than sudden in nature. A hybrid computational method, employing CS calculations for low
and decoupled-dominant(DLD) calculations for high, offers a promising solution. €1999
American Institute of Physic§S0021-96069)00735-7

I. INTRODUCTION It would be in principle be preferable to carry out bench-
mark quantal calculations using close-couplingcC)
The effects of pressure on the shapes of infrared absorgalculations which make no dynamical approximations at
tion lines are important in atmospheric modeling, especiallyall. Unfortunately, for a system as heavy as £4@r, it is
in the analysis of data from satellite-based remote sensingurrently prohibitively expensive to carry out such calcula-
instruments. Experimentally, it is difficult to measure line tions at the very large number of energies needed for full line
shape parametefwsiidths, shifts, and mixing coefficientso  shape calculations. Nevertheless, it is feasible to carry out
the accuracy needed, especially at low temperatures. It i€C calculations for a limited number of energies, and we
therefore desirable to develop reliable methods for calculathave undertaken this as a “spot check” on the more exten-
ing the parameters from potential energy surfaces. Howevesjve CS results. In doing this, we discovered some unex-
even for pressure-broadening coefficients, the classical paitected features of the CC/CS comparison, and the purpose of
methods commonly usée involve a large number of ap- this paper is to report them.
proximations that have never been tested on realistically
sized systems. For other parameters, such as those character-
izing line shifts and line mixing, the situation is even less
satisfactory. As a first step to allow us to assess the various
theoretical methods in use, we have recently carried ouli. INFRARED LINEWIDTH CALCULATIONS
benchmark calculatiofiof pressure broadening of GGn-
frared lines by Ar, using fully quantal scattering calculations ~ The pressure-induced width and shift of an isolated spec-
on potential energy surfaces fitted to the spectra of van ddfoscopic line are related to the real and imaginary parts of
Waals complexes. the (thermally averagedine shape cross section. In the im-
Fully quantal calculations may be carried out in a varietyPact approximation, the line shape cross section may be cal-
of ways. Our initial expectation was that calculations em-culated in terms of-matrix elements for the molecular col-
ploying either the inexpensive infinite-order-suddg¢®S) lisions involved. The c&and C$ expressions for the line
approximationi or the more accurate coupled-states or censhape cross sections are
trifugal sudden(CS) approximatiofi would be adequate for
pressure-broadening cross sections in systems containing(q) ——
CO,, which has a rotational constant of only 0.39 ¢t 9cc(Vala:Volb:Exin)

However, we quickly found that 10S calculations gave line- ia O b

widths that drop off only very slowly withj, in contrast to =(m/k?) E (23,+1)(23,+ 1){ }

both experiment and more sophisticated calculatioige Jadpll’ b I Ja

therefore carried out extensive CS calculations of the pres- : :

sure broadening, which have been reported separhtely. [35" Iq’ jb][5||/—(vaj o |S%(Eyint Ea)[Vajal)
b a

¥Electronic mail: .m.hutson@durham.ac.uk X (Vpjpl"|S(Eint Ep) [Vpjpl ¥ ], (1)
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o @(Vaia:Voib;Exin) define ycc(J) as containing all the new contributions that
, s arise when terms involvingS’(E,+ E;) and S (Exin
=(mlk?) D (21+1) 1_( Ja g Jb) +E;,) are included in the sum. These are the terms with
X2\ “ha AaTAp Ap J,=J=1J,, J,<J=J, andJ,<J=J, in Eq.(1). The results
X (Vaj ol S (Exin+ Ea)|Vai o) obtglned are shqwn in Fig. 1. It is useful to th|_nk of the
partial cross sections in terms of an opad#fl), defined by
X (Vp]p| SM0(Eyin+ Eb)|Vbjb>*}v v y(h=(2l+1)(7/k*)P(I). 3

whereq is the tensor order of the spectroscopic transition If the inelasticity is very strong?(1) = 1: this corresponds to
for isotropic Raman, 1 for infrared, 2 for anisotropic Ra- the “statistical” limit, and produces the partial cross sections
man. The two states involved in the spectroscopic transitiorshown as straight lines in Fig. 1.

are described by vibrational and rotational quantum numbers It may be seen that the CC and CS partial cross sections
Va.jaandvy,j,, andE,=#72k?/2u is the kinetic energy of are very similar to one another at(or |) values up to about
the collision; note that the tw& matrices are in general 80, and make contributions that are about 5 or 10% below
evaluated atdifferent total energies. The individual CC the statistical limit. The discrepancy between the CC and CS
S-matrix elements are also labeled by the total angular moresults occurs mostly for the higher partial wavésor |
menta,J, andJ,, and the orbital angular momenta before >100: the CC contributions persist to considerably higher
and after the collision| andl’. In the CS casel=I1" and values ofJ or |. It must of course be remembered that, for
there is an additional label, which is the projection of CC calculations, there are channels for edahith values of

onto the intermolecular axis. Equatid®) is actually the | lying betweenJ—j| and @+j), so that forj=12 a sub-
“|-labeled” CS expressiohwhich has been shown to be stantial range ofl values is included for eacl. Some
much more accurate than thel‘labeled” expression. “rounding off” of the CS high{ cutoff is thus to be expected

We began by carrying out CC and CS calculations forin the CC results. Nevertheless, it is surprising thatithe-
the infraredP(12) andR(12) lines of CQ in Ar at a kinetic  gratedcontribution from this region is so different in the two
energy corresponding to 200 ¢ which is near the peak in cases.
the room-temperature relative velocity distribution. The po-  The CS approximation can be derived in several ways.
tential energy surface used was the “single repulsion” po-One of these involves neglecting\ transitions in a body-
tential of Hutsonet al,*® which was recently determined by fixed frame aligned along the atom—molecule vector. This
fitting potential parameters to the spectra of the Ar-@@n  approximation is expected to be most accurate for small val-
der Waals complex and second virial coefficients of Arues ofl, corresponding to collisions occurring on the short-
+CO, mixtures; the functional form is based on the *“sys- range part of the potential. An alternative approximation,
tematic model” of Wheatley and Pritkebut incorporates a which has been less widely used but has had some success
two-site model of the dispersion energy. In the present workfor systems dominated by long-range collisions, is the decou-
the CQ rotational constant was taken to be 0.3902 ¢mrso  pled |-dominant(DLD) approximation:? which achieves a
scattering calculations were required at total energiesomparable simplification in a space-fixed frame. In the
E.t/hc=251.5, 260.9, and 271.0 ¢m, corresponding to DLD approximation, coupling between channglsandj’ £
the CGQ j=11, 12, and 13 levels, respectively. The basis sets retained(where £=1+j—J) but coupling between chan-
included all CQ rotor levels up tgj =32. nelsjL andj’L’ (with £ # L) is neglected. This can be

We were somewhat surprised to find that the CC linejustified, for sufficiently largeJ values, by comparing the
width cross sections are about 10% larger than the correéRercival-Seaton coefficients that scale the radial potential
sponding CS cross sections. For tA€12) line, the values coefficients.
are 93.8 & (CO) and 84.6 & (CS). This discrepancy is We have carried out DLD calculations on tRé12) and
larger than we expected on the basis of previous CC/CR(12) lines in CQ—Ar, and the results are included in Fig.
comparisons. We therefore investigated the partial cross1. The DLD partial cross sections are substantially in error
sectionsy, which are the contributions from different partial for low values ofJ, and the DLD integral cross section is
waves:ycc(J) is a function of the total angular momentum considerably too low, as expected on the basis of earlier
for CC calculations, and/c4(l) is a function of the orbital comparisons.Nevertheless, the DLpartial cross sections
angular momenturhfor CS calculations. In the CC case, we agree very well with the CC values fdre>95.
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TABLE I. Linewidth cross sections for isotropic Raman lines of S@r at

Ewin/hc=200 cm* (in A%) using different computational methods. The
quantities in brackets after the CS results show the change in cross section

when the basis set is increased to include,G6tor functions up toj

=40.
Line cc cs DLD
Q(0) 123.6 124.3(+0.0 93.0
Q(4) 103.7 99.7(+0.0 82.0
Q(8) 96.2 91.7(+0.1) 76.8
Q(12) 89.3 77.9 0.2) 73.9
Q(16) 83.0 78.1(+0.0 69.4
Q(20) 77.8 77.2(+0.4) 65.6

The presence of the angular momentgntomplicates
the interpretation of infraredg(=1) and anisotropic Raman |aiions exists even for isotropic Raman cross sectiaps (

(g=2) line shapes. However, for isotropic Raman lines, the_ 0)

equations simplify becausg=0 andj,=j,. Under these

circumstances, the linewidth cross sections may be rewritten

in terms of state-to-state inelastic cross sections,

o= a(j—j").

i"#

(4)

For infrared and anisotropic Raman linesz0 and such a
rearrangement is no longer possible. Neverthelessafhe

proximationis sometimes employed tHat

1
o Vjaii=5| 2 oliami)+ 2 olip—i")|.

i"#ia

i"#ip

©)
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approximate expressions for the cross sections. Gtders
shown that Eq(5) can be a poor approximation for some
systems.

It is important to understand whether the discrepancy
observed here between CS and CC calculations arises from
reorientation cross sections. We have therefore carried out
similar linewidth calculations for isotropic Raman lines
Q(j). Such calculations are in fact relatively inexpensive,
because the tw&-matrices needed for each line are at the
same total energy. We have carried out such calculations for
Exin/hc=200 cm  for several values qf: the resulting CC,

CS, and DLD cross sections are listed in Table I. It may be
seen that the CS approximation is quite accucaithin 2%)

for low j, but that there are errors of up to 13% at higher
values. Since the discrepancy between the CC and CS calcu-

it is clearlynot associated with the reorientation con-
tributions.

The partial wave contributions for some of the isotropic
Raman cross sections are shown in Fig. 2. The general be-
havior is similar to that observed for infrared lines. For low
values ofJ or I, the CS and CC partial linewidth cross sec-
tions again agree well, and for loyvthe contributions are
close to the statistical limit of Eq(3). For higherj, the
partial cross sections still increase nearly linearly witor |

to begin with, but lie slightly below the statistical limit. The
CC contributions lie further below the statistical limit far
<j, where there are fewer tharj 21 allowed values of.
Nevertheless, as for tHe(12) line, the major difference be-
tween CC and CS calculations occurs at higbr |, where

The terms that are omitted in E¢p) are often described as the CS partial cross sections display a much sharper lhigh-
“reorientation” contributions, though there is no short-cut to cutoff.
calculating them other than to evaluate both the exact and The DLD integral cross sections are again quite poor,

20} Q(8) 2.0 Q(20)
i 7T
< N
=10} 1.0 TN
''''' .-L‘.
R
4 v
0.0 <& 0.0 == : -~
0 50 100
20 | Q) 2.0 Q(16)
R o~ FIG. 2. Partial linewidth cross sections
Ns PN for the isotropic Raman line®(j) of
= 1.0 1.0 SN CO, perturbed by Ar from CC, CS,
I *\ and DLD calculations atE,,/hc
v =200 cni L.
0.0 = 0.0 L N
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— CcC
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<
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e - V(R.0)=—[C{+C{IPy(cost) | R, €]

which is a reasonable approximation for long-range colli-
sk Se= e 1 sions. This potential allows the trajectory integr‘a(tsﬂ to be
. evaluated in closed forif. A fit to the true Ar—CQ poten-
tial for values ofR between 6 ath 7 A is given by C{)
=151Ea5 andC?)=93Eal.
The Q-branch partial cross sections from CCPT and
CSPT calculations &, /hc=200 cm ! on this potential
are compared as a function bffor >80 in Fig. 3. The
upper axis of Fig. 3 is labeled with the corresponding values
%0 wm s e o s a0 ns @ s of the impact parametdy. Within the classical path approxi-
mation, the results of both the CS and CC approximations
FIG: 3. Eerturbatiye transition prot_)abil_ities for inelastic crois sections in “*Uepend naturally oh the classical path CC results involve a
straight-line classical path approximationg&y,/hc=200 cm -. sum overmj at fixed |, rather than the sum overfrom
|J—j| to J+]j involved in the quantal CC resulfsee Eq.
(1)]. It should be recalled that, to facilitate an analytic treat-
and it may be seen in Fig. 2 that the DLD partial crossment, these results use a simple approximation to the poten-
sections are substantially below the CC and CS results ovéial which is best for 6sR<7 A and becomes increasingly
most of the range of. However, the DLD approximation inaccurate for smalleR and hence for collisions at smaller
actually performs quite well at high, in just the region impact parameters. Furthermore, for trajectories that ap-
where the CS approximation breaks down. proach closer thaiR~5.5 A, the potential is sufficiently
Since the isotropic Raman cross sections can be writteftrong to perturb significantly the straight-line path assumed.
in terms of inelastic cross sections, we can use perturbatiohhe magnitudes of the classical path partial cross sections
theory for the inelastic cross sections in the CC and CS apare smaller than those obtained from the quantal calculations
proximations to explore the origin of the discrepancy. For ar(shown in Fig. 2. We attribute this to deficiencies in the
orbital angular momentum valde=80, the classical impact Potential approximation employed. However, the differences
parametetb is approximatet 5 A at atranslational energy between the CC and CS results in the classical path and the
corresponding to 200 cht. Such collisions will sample pri- quantal calculations behave similarly pss increased. For
marily the weak long-range portion of the potential and will j=0 the CS results exceed the CC results, jfer4 the two
involve only small classical deflections. We therefore examare very similar, while foj =8 the CC results exceed the CS
ine the transition probabilityP(j —j’:b,v) between level$ values. Hence the explanation for this behavior in the classi-
andj’, at impact parametds and speed, using a straight- cal path results should help understand the corresponding
line classical path and first-order time-dependent perturbadifferences in the quantal results.
tion theory. A crucial role in the classical path approximation is
Within the straight-line classical path approximation, Played by the adiabaticity parameter; wb/v, wherefiw is
Rabitz and Gordoft have given analytical expressions for the energy difference between levglandj’. Smallz values
the state-to-state opacitiésansition probabilitiesin close- ~ correspond to sudden collisions, where the rotor is almost
coupling calculations, and Dickinson and Richafdsave stationary during the collision, while large values corre-
given analogous expressions for CS calculations. These r&pond to adiabatic collisions, for which the transition prob-

05 ¢

sults can be expressed'&¥’ abilities fall off essentially exponentially witlz. For ex-
_ - ample, thej=12—14 transition withE,/hc=200 cmi !
PECPTj—j";b,v)= §(2j"+1) b2 ) andb=6.5 A hasz=5.59; thus the collisions of interest
” ° 0 0 O are almost adiabatic and hence are very sensitive to the ro-

tation of the molecule during the collision.
X{ 1 (V302 + 3[(V3)2+ (V3 02T, (6) The origin of the difference between the CC and CS
) results appears to be the substantial variation between the
) (V§o>2 @) different V%M integrals, depending on whether thep(t)

' term in Eq.(8) adds to thevwt term or cancels it. Since the
cosine term gives rise to considerable cancellation, the CC
opacity is dominated by the integr‘ﬂ(EZ, for which vwt and

L 2( n@(t) have opposite signs. In the CS approximation, this is
VV,L:%JO Vi(R)cogvwt—pud(t)) dt. (8)  replaced by a significantly smaller terivi2,, which is inde-
pendent ofp(t).
Here,V, (R) is the coefficient ofP, (cos#) in the Legendre Since the effect arises primarily for adiabatic collisions,
expansion of the potential anpl(t) is the plane polar angle it will increase with increasing rotor lev¢l However, since
of the atom, measured from the point of closest apprd&ch. the magnitude of the largé(l) contribution decreases with
To proceed analytically, we need a model of the potenincreasingj (see Fig. 3, the error in the broadening cross
tial surface. For this purpose, we employ section will ultimately decrease.

A

o . j j
PCSPYj—j";b,v)= £(2]'+1) 0 0 0

where
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This physical effect will also apply to the dipole and the The present work has concentrated on a limited number
anisotropic Raman broadening, although the details will beof lines and kinetic energies in order to make the calculations
guantitatively different. We have evaluated the dipole broadiractable. The calculations needed to simulate a complete
ening for the infraredP(12) line using the corresponding spectrum, including thermal averaging, are much more ex-
straight-line path and perturbation theory approximatfon. tensive, and close-coupling calculations for this purpose are
This gave comparable differences with the nonperturbativéikely to remain prohibitively expensive in computational
CC results. terms for some time to come. We have found that the decou-

Effects of this type have not been noticed before becauspled [-dominant approximation, which is designed for colli-
previous calculations have concentrated on systems faions that take place on the long-range part of the potential,
which adiabatic collisions were less important. In particular,is quite accurate for line-broadening contributions at ldrge
most previous CC calculations have been performed eithekn approach that appears to be promising is to use coupled-
for systems containing He atoms or for molecules with largestates calculations for small values of the orbital angular mo-
rotor constants such as HF or HCI: in either case, the longmentum|, and then switch over to decoupléedominant
range forces were too weak to cause substantial inelasticitgalculations for largeé. However, the handling of the inter-
Nevertheless, the effects found in the present work may benediate region and the identification of an appropribate
expected to be generally important in systems involving thevalue at which to switch over require further work.
interaction of molecules with large moments of inertia with
heavy collision partners.
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