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Angular-momentum coupling in spectroscopic relaxation cross sections: Consequences
for line coupling in bending bands
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In the classical limit and within the infinite-order sudden approximation (IOSA), the tetradic collision-
al spectroscopic cross sections are transformed into a dyadic supermatrix. Each element of this matrix is
expressed in terms of generalized state-to-state cross sections, each row or column corresponding to a
given spectroscopic branch. These generalized cross sections are convenient both for ab initio calcula-
tions, including possible energy corrections to IOSA, and for modeling. One of the main advantages of
the present approach is to give a clear understanding of the line-coupling mechanism and of its spectral
consequence on complex systems, whatever the type of spectroscopy (infrared absorption, isotropic or
anisotropic Raman scattering) and whatever the nature of the observed vibrational transition (stretching
or bending band). To illustrate this point, the strong-collision model is used to calculate explicitly the
generalized state-to-state cross sections. This model allows one to justify, on a first and simple physical
basis, the origin of the ad hoc decoupling "factor of 2" previously introduced to fit the infrared Q-

branch profiles for bending bands.

PACS number(s): 33.20.Ea, 33.20.Fb, 34.10.+x

The phenomenon of collisional transfer of intensity due
to line mixing has an increasing importance for atmos-
pheric monitoring and combustion diagnostics [1,2]. Cal-
culation of infrared (IR) or Raman band profiles thus re-
quires the knowledge of the whole matrix of line-
broadening and line-coupling cross sections. Although
accurate calculations are now feasible for line broaden-
ing, line-coupling cross sections have received much less
attention. For simple systems such as CO-He, accurate
coupled-channel scattering calculations of line-coupling
cross sections have been performed [3], providing a fairly
good account of the collapsed infrared band at high pres-
sure [4). For more complex systems, development of ac-
curate approximate methods is required. For isotropic
Raman Q branches of stretching bands, several models
have been proposed which allow a convenient description
of the observed profiles for a larger number of systems
[1]. However, their extension to IR and anisotropic Ra-
man branches is still problematic since each line no
longer corresponds to a single rotational line; such an ex-
tension is usually achieved by identifying a given line
with its initial rotational level.

If bending bands are considered, an ad hoc weighting
factor must be introduced [5] to account for the
modification of the rotational energy transfer. In CO2, a
"factor of 2" was necessary to fit the data [5,6]. A similar
adjustment has been introduced for other systems [2,7].
A recent theoretical study [8] of COz-He within the
infinite-order sudden approximation (IOSA) has allowed
rationalization of this ad hoc weighting procedure and
has also indicated its approximate nature. This is due to
the fact that the IOSA properly accounts for the
angular-momentum coupling (vibration-rotation photon)
and thus does not require the equating of line-coupling
cross sections with state-to-state cross sections. Unfor-
tunately, the IOSA becomes less accurate for high rota-

tional lines, so that, even for a light perturber like He,
only a qualitative agreement with observed IR spectra is
achieved [9]. Corrections accounting for the rotational
energy-level spacing and the finite duration of collisions
[e.g. , energy corrected sudden (ECS) [10]]must be intro-
duced to obtain a quantitative agreement. Such correc-
tions are convenient for state-to-state but not for spectro-
scopic cross sections (except, for isotropic Raman cross
sections [11]).

One of the main advantages of the IOSA is to propose
a convenient factorization [12) of generalized cross sec-
tions into dynamical terms and spectroscopic coefficients.
The IOS factorization applied to symmetric-top mole-
cules leads to [13]
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In Eqs. (1) and (2), K is the tensor rank for the

radiation-matter coupling, [j]=2j + 1, the large
parentheses denote the usual 3-j angular-momentum-
coupling symbols, and the large curly brackets denote a
6-j symbol. For the sake of simplicity, only M; =Mf =0
has been retained in Eq. (2), since low-lying bending
modes are still nearly linear [8]. The spectroscopic cross
sections for j;j&~j,'j& transitions [Eq. (1)] are not ex-
pressed in terms of j~j' state-to-state cross sections but

where the QI are the IOS collisional factors and the spec-
K1,. 1fI.troscopic coefficients F . .', , are defined by
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TABLE I. Collisional spectroscopic cross-section superma-
trix o', , for an IR stretching band.
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in terms of the IOS collisional factors QL. As discussed

above, an explicit expression of the o. . !f, , cross sec-
Jl Jf Jl Jf

tions as a function of the j~j' ones would be very use-
ful. In particular, it would make it possible to establish
simple relations between collisional spectroscopic cross
sections for stretching or bending bands and appropriate
state-to-state ones. The calculation of IR, isotropic, or
anisotropic Raman band profile would thus be reduced to
the ab initio calculation, or the modeling, of these state-
to-state cross sections. The ad hoc adjustments required
for modeling the bending bands would be rendered un-
necessary; this is the aim of the present Brief Report.

Transforming the product of a 3-j and a 6-j symbol
into a linear combination of three 3-j symbols [14], the
spectroscopic cross sections are then expressed in the re-
quired form:
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can be related to the I '-. ones by
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The I, cross sections have a simple physical meaning
JJ

through their direct connection with the specific spectro-
scopic cross sections [I ~'=off f J, cf. Eqs. (3) and (5)].
For the usual spectroscopic situations where K=0, 1,2,
Eq. (6) leads to

collision information (I ''=cr ", , ) and describe the
state-to-state rotational cross sections in the various pairs
of vibrational modes. The Qt factors are related to these
state-to-state cross sections by QL =I L0. In Eq. (4) the
two 3-j symbols properly account for the angular-
momentum coupling. By using the same transformation
for the 3-j and 6-j symbols as above, the usual state-to-
state cross sections [15]
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where the generalized state-to-state cross sections I ' are
given by
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These cross sections contain all the system-dependent

For most molecules, terms of order 1/j are negligible
( T ))T„, limit) and Eq. (8) becomes
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Equations (3) and (4) allow one to obtain the collisional
spectroscopic cross sections in terms of the generalized

Il'state-to-state cross sections I ' for a given spectroscopic
band. For an IR stretching band ( l, = lf =0), the
relevant expression is
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In the T ))T„, limit, the tetradic IR cross sections tr', , may be transformed into a supermatrix of rank 2, each
Jl Jf 'Jl Jf

element of this matrix being a dyadic state-to-state cross section [16]I, and I . '. , [or I, and I', from Eq. (7)] (see
JiJi J;J;

Table I).
The rows and columns of the supermatrix correspond to the IR branches P and R, and its elements are the line-

broadening and the line-coupling cross sections. The P-P and R-R elements describe, for j,'=j,-, the P and R line
broadening (and line shifting), and, for j, Wj, , the line coupling inside the considered band. The P Relements describe-
the coupling between lines belonging to the two branches.

Let us examine now the case of an IR bending band (l, =0, l&=1). The spectroscopic cross sections are thus defined



47 BRIEF REPORTS 1545

TABLE II. Collisional spectroscopic cross-section supermatrix o' ', , for an IR bending
Ji Jf 'Ji Jf

(l;=0, lf =1)band.
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In the T))T„, limit, the rank-3 supermatrix is, from
Eqs. (7), (9), and (11),shown in Table II.

The role of the vibrational angular momentum /f = 1 in
the excited vibrational mode is clearly apparent through
a comparison between Tables I and II.

An ECS calculation of the (11'0)t~(00 0) CO& band
profile has been performed using the present approach

12
[17) (v, v2 v3)t denotes the vibrational band of higher en-
ergy in the Fermi dyad). The results are in good quanti-
tative agreement with experiment. In the present case
the approach is used within the strong-coupling (SC)
model [18,19] to obtain simple analytical expressions for
the various line couplings. The SC state-to-state cross
sections are [18,19]

(12)

with gx. =sr 'f odaPtt(cosa) (go= 1, $1=0, and gz= —').
In Eq. (12), r ' is the collisional frequency and &r ') its
Boltzmann average. The line coupling inside the IR
bending Q branch is thus given by—1/2' 'r& '& r ') 'p' [cf. Table II and Eq. (12)].
Since the rotational energy state-to-state cross sections
are defined by o. = —I . (1 —5 ), apart from the sign,
they are twice the infrared SC Q-line couplings. This cor-
responds well with the ad hoc decoupling "factor of 2"
introduced previously [2,5,6]. It is easy now to put for-
ward the qualitative explanation of the factor 2 obtained.
Spectral exchange inside the IR Q branch depends on the
reorientation of angular-momentum vector J during the
collision. Bending vibration defines a plane, with respect
to which the reorientation of J must be symmetrical, and
the corresponding probability density must be dependent

on cos a, where o. is the collisional angular shift of J. It
may be checked by the substitution of a uniform asyrnp-
totic expansion for the 6-j symbol in Eq. (5) which results
in cos ct as a leading term for the Q-Q supermatrix ele-
ment in Table II. The SC model offers a simple straight-
forward opportunity to average this cos a over different
types of collisions with "factor of 2" being reproduced.
Notice that the use of another collisional model (such as
ECS) leads to a different value close, but not equal, to 2
[17].

The present analysis also predicts a decoupling factor
for the I' and R branches, 2 for a stretching band and 4
for a bending band within the SC model. Although the
SC model is generally not convenient for a very accurate
description of band profiles [19], it permits a simple ex-
planation for the angular-momentum effects on the spec-
tral narrowing.

This approach may be easily extended to vibrational
transitions between bending modes and to anisotropic
Raman scattering. The Raman cross sections are then
transformed into a supermatrix of rank 5 in terms of the
I '-''. Starting from the present formalism, various appli-
cations will be developed to account for the collisional
energy transfers of intensity as well inside a given branch
(e.g. , Q) as between various branches (e.g. , Q P, Q-R, or-
P R). These application-s will allow one to get a better
understanding of the different spectral modifications ob-
served, following the type of the vibrational band and the
nature of the spectroscopy used.
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