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Line coupling and line mixing effects in parallel and perpendicular bands of CH3D perturbed by N, have
been studied. The work focuses on exhibiting the j and k dependencies of these two processes. The cal-
culations were based on a previously reported anisotropic intermolecular potential including both the
long-range multipole, induction, and dispersion forces and a short-range atom-atom model. It is shown
that components with L; = 3 of the atom-atom model are dominant contributions to the diffusion oper-
ator. As a consequence, in comparison with other molecular systems such as the CH3CI-N; and CH3I-N,,
theoretically predicted line coupling and line mixing effects exhibit completely new j and k dependen-
cies. In general, the theoretically calculated halfwidths and intra-doublets’ off-diagonal elements of the
relaxation matrix are in reasonable agreement with measurements.
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1. Introduction

Accurate lineshape parameters of monodeuterated methane
CH3D are crucial for quantitative analyses of the spectral signatures
of this molecule in the terrestrial and other planetary atmospheres
(see Ref. [1] and references therein). This is the reason why nu-
merous studies have been devoted both experimentally and the-
oretically to the halfwidths (HWHM) and shifts of air- as well as
self- broadened lines in various vibrational bands (a complete re-
view can be found in [2-5]).

From the theoretical point of view, which concerns us most di-
rectly, the most recent calculations of N, broadened halfwidths
of CH3D lines have been performed by Predoi-Cross et al. [4,5]
based on the Robert-Bonamy (RB) formalism [6] using exact tra-
jectories and a potential model including an atom-atom potential
model.

In recent papers devoted to N,-broadening of symmetric top
molecules [7-9], we have shown that the isolated line approxi-
mation severely limits the validity of the RB model. As outlined
previously by Cherkasov [10], the S, operator is not diagonal in
the linespace, contrary to the isolated line assumption adopted in

Abbreviations: HWHM, Halfwidth; RB, Robert-Bonamy; MRB, Modified Robert-
Bonamy; RRB, Refined Robert-Bonamy; LC, Line Coupling; LM, Line Mixing; CSF, The
Coupling Strength Factor; PES, Potential Energy Surface.
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the RB model [11]. Ignoring this fact (called by us as Line Coupling
(LC)) leads to neglecting any coupling between transition lines
and a failure in calculating the relaxation matrix. For symmetric
tops with k-degeneracy, LC will have an additional consequence:
transitions between rotational states labeled by k # 0 should be
considered as doublets. For each doublet, its two components are
coupled through the line mixing (LM) process. For degenerated
doublets (i.e. not resolved by the A;-A, splitting), the LM process
may significantly reduce theoretically calculated halfwidths of the
doublet.

The present work is devoted to the CH3D-N, system. For its de-
generate doublets, we have found that the intra-doublet’s coupling
does play a major role in the calculation of the halfwidths. How-
ever, for CH3D a significant A;-A, splitting exists (for states in the
fundamental vibrational state, with k = 3n, n = 1, 2, 3, ...). Con-
sequently, the degeneracy of the corresponding doublets can be
resolved, providing an opportunity to directly measure the intra-
doublet’s off-diagonal elements of the relaxation matrix. Then, the
latter can be compared with the theoretical predictions.

2. Theory
2.1. A short background

Within the binary collision and impact approximations, the
spectral density at the angular frequency w can be written as
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where |n) = |vgikees vijikie;) are the Liouville vectors associated
with the transition vgskeey < vyjik;e;. A background of this basis
set applicable for symmetric tops is given in Section 2 and in Ap-
pendix of Ref. [14]. In Eq. (1), pn = %’SE”) are matrix elements
of the density operator exclusive of the magnetic degeneracy and
Z is the partition function, E, = E(v;j;k;e;) is the initial energy of
transition, and d, is the associated transition dipole operator. Fi-
nally, W is the symmetrized relaxation matrix.

After removing the isolated line approximation assumed both
in the RB formalism and in the MRB formalism defined later, one
is able to calculate the matrix elements of W with an expression
given by

nyo [ db )
Wf/i’.fi = ﬁ‘/r 27Tb<d—rc> {6i’i8f'f* < f/l/|e—52(rc)

c,min

fix} dr,

(2)
where nj is the number density of the bath molecules, ¥ is the
mean relative speed, b is the impact parameter, and r. is the clos-
est distance of approach for a given collisional trajectory. We note
that in Eq. (2), an average over the collisional kinetic energy is re-
placed by the mean relative speed.

In Eq. (2), because S, is a non-diagonal operator in the lines-
pace, < f'i'|e=5200)|fi £ e~<[TIS2(OIf1> whose effect is called
by us as line coupling (LC). The general expressions of the vari-
ous contributions to S, (outer-i, outer-f, and middle) are given in
Refs. [15,16]. Remember that the non-diagonality of S, solely re-
sults from the Sy, iqqe term which is given in Eq. (1) of Ref. [17].

Then, as we evaluate the spectral density from Eq. (1), we in-
troduce another terminology of line mixing (LM) resulting from the
non-diagonality of the resolvent operator of (w — Ly — iPW)~!. In
this case, each of the eigenvectors of Ly — iPW is given by a combi-
nation of different lines. In other words, these eigenvectors lead to
line mixing. At this stage, as one compares theoretically calculated
halfwidths with measurements, depending on the absorber’s spec-
trum characters and perturber’s pressure P, one needs to choose a
proper way to consider the LM effect.

For symmetric-top molecules, when the A;-A, splitting is in-
significant between the two components of a doublet and for E-E
transitions which are also degenerate doublets (provided that k;
# 0), the situation is similar. At low perturber’s pressures, various
doublets are isolated from each other and the treatment of the re-
solvent operator is limited to the corresponding 2 x 2 linespace. In
the following, we will denote two coupled components of a dou-
blet by 1 and 2. In addition, we will denote (1|W|1) = (2|W]2)
for the diagonal elements and (1|W|2) = (2|W|1) for the intra-
doublet’s off-diagonal ones. The frequency detuning (i.e., line split-
ting) is w, — w1 = 2Aw > 0. Therefore, following a method pro-
posed by Ben Reuven [18], the effective halfwidth of an “isolated”
doublet is the sum of the diagonal and off-diagonal elements, i.e.,
W(1,1) + W(1,2) (assuming equal intensities between the two com-
ponents) [7,8]. Since W(1,2) is negative, W(1,1) + W(1,2) is less
than W(1,1). For CH3D, in some cases as compared to a model ig-
noring the k degeneracy, it may reduce the halfwidths up to 20-
30% as shown later. When the A;-A, splitting is resolved, both
W(1,1) and W(1,2) can be measured independently. In this case,
W(1,1) and W(1,2) represent theoretically calculated halfwidth and
coupling element.

For readers’ convenience, we outline the developing stages of
our formalism here.

(1) The modified Robert-Bonamy (MRB) formalism. In this early
version of our formalism, the expression for halfwidth y is
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given by
oMb db < il r0) >
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where a subtle derivation error in the RB formalism had been cor-
rected by the current authors [12]. The essential difference be-
tween RB and MRB is the definition of S, whether it excludes or
includes the bath average procedure. Besides this, they don’t differ
much. Usually, calculated halfwidths with MRB are slightly larger
than those obtained with RB. Because both RB and MRB are based
on the isolated line approximation, with these two formalisms one
is not able to calculate the whole relaxation matrix W.

(2) The refined Robert-Bonamy (RRB) formalism where the in-
valid isolated line approximation has been removed and LC
is taken into account. As shown in Eq. (2), with this model
one is able to calculate the relaxation matrix W in which the
diagonal elements are calculated halfwidths.

(3) The most updated formalism applicable for symmetric-top
molecules with complete k degeneracy. Besides LC, with this
model the LM effect resulting from evaluating the resol-
vent operator and the spectral density has been taken into
account. For a doublet, the effective halfwidth of a dou-
blet becomes W(1,1) + W(1,2), where W(1,1) = WRRE = —

fiin.fiiy
RRB _WRRB  _ \w/RRB _
szfz’.fz.fz anq W(.1,2.) :Wflil,fziz = .‘A_/fziz«fﬂf F?r the.r A-A
transitions with significant A;-A, splitting, a detailed discus-

sion is given later (see Section 3.3.3).
2.2. The interaction potential

For systems consisting of a symmetric-top and a linear
molecule, the potential can be expressed in terms of a spherical
tensor expansion as (cf. Eq. (5) of Ref. [15] and reference therein)

V(R(t)) = LKXL:LU(LleL; KiK; = 0; R(t))

x 3 C(LikoL, pa s M)DY (R0)D120 (Q2) Yy (@0(D)).
1M

(4)

With respect to the anisotropic part of the potential, we have
retained the potential model together with its parameters and the
cut-offs detailed in Predoi-Cross et al. [4]. It is expressed as a sum
of the multipole, induction and dispersion forces completed by
an atom-atom interaction model. All the parameters are given in
Tables 3 and 4 of Ref. [4]. The cut-offs used by them are L; = 3
and L, = 2 for the multipole interaction and the atom-atom in-
teraction. Meanwhile L; = 2 and L, = 2 for the induction and
dispersion forces. Note that since CH3D has a very small electric
dipole and a zero electric quadrupole moment and the diatomic
molecule N, has a zero electric dipole, the multipole interactions
between CH3D and N, are extremely weak. On the other hand,
the induction and dispersion forces only have no-zero and weak
components associated with L; = 2 and L; = 1, respectively. Thus,
components of the atom-atom interaction become dominated ones
and make major contributions to matrix elements of S,. In Fig. 1
we show the various components U(L{L,L; 00; R) of this poten-
tial model. It is obvious that components with L; = 3 (i.e., 303,
321, 323, 325) are the dominant ones. In comparison with CH3I-N,
studied by us previously [9], due to the weakness of the long-range
interactions of CH3D-N,, it becomes necessary to add the atom-
atom model here. In addition, in the present study, following the
choice made by Predoi-Cross et al. [4], the cut-off of L; is extended
from 2 to 3. As shown later, this extension leads to new features
of LC and LM variation patterns. Finally, since all the components
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Fig. 1. Potential spherical components (in the units of K) considered in the present study.

of the anisotropic potential correspond to K; = 0, LC and LM only
exist between lines belonging to the same sub-branch specified by
their initial and final k values.

As usual, we assume that the collisional trajectories are only
determined by the isotropic part of potential. To be more consis-
tent, the latter should be the component U(000; 00; R) divided by
V4. In Ref. [4] it has been firstly fitted by the Lennard-Jones (L])
model. Then, these authors slightly optimized its parameters to im-
prove agreement between their calculated halfwidths with the RB
formalism and measurements. However, by using their L] param-
eters (i.e, ¢ = 83.50 K and o = 3.838 A), we can’t obtain a rea-
sonable agreement with the data. This was well expected because
in comparison with the RB formalism, our formalism, by consider-
ing the effects from both LC and LM, yields significantly different
results. In facing such a situation, there are two choices available.

We could try to adjust all the atom-atom parameters and the
cut-offs to reach the best agreement with data. However, such a te-
dious procedure will be heavy to implement [19,20]. Alternatively,
with exactly sticking to the current anisotropic potential parame-
ters and the cut-offs, one can keep the L] model for the isotropic
part and optimize its two parameters [21].

Because the main purpose of the present study is to exhibit
and explain the j and k dependencies of LC and LM effects of
CH3D-N,, rather than to produce more accurate results, we have
decided to adopt the second choice. The temperature considered
in the present calculations is the room temperature T = 296 K.
After taking an optimizing procedure, the isotropic L potential is
given by ¢ = 110 K and o = 3.68 A. We note that the two LJ
parameters of CH4-N, derived from the fitting viscosity data by
Bastien et al. [22] are 130.1 K and 3.675 A which are close to our
values.

In the present study, the energy levels and the line frequencies
of CH3D were taken from the HITRAN 2020 data base [23].

3. Results and discussion
3.1. Line coupling strength factor

In our previous studies, we have found that the off-diagonal
elements of S, are mainly determined by the coupling strength

factor (CSF) with the rank L; and the two arguments of the two-
dimensional Fourier transforms with the rank L; and L, [15]. It is

known that both LC and LM result from the non-diagonality of S,.
Therefore, in order to analyze the j and k dependencies of LC and
LM, one needs to focus on these two factors. For the intra-doublet’s
off-diagonal elements of S,, the expression for CSF is simplified as

(=DM jp + 1D @ji + VW i piidy. 1L1)D"(e]jiki, &ijikis LIO)DP(E}j[kﬁ erjrks: L10),
(5)

where W(jijgijs, 11,) is the Wigner 6j symbol and D" matrix is de-
fined in Eq. A(3) of Ref. [15]. We note that within a doublet the
choice of the index of ¢ is fixed, CSF becomes a function of L, j;
ks, ji, and k;. In addition, for a specified sub-branch, values of j; and
k are determined by j; and k. Therefore, CSF is a function of L,, j;
and k. On the other hand, the two arguments of the Fourier trans-
forms are the frequency and energy gaps (cf. Eq. (1) of Ref. [17])
and can be easily derived from the energy levels of CH;D and N..
For the intra-doublet’s off-diagonal elements of s,, the frequency
gap is zero or almost zero. As for the energy gap it consists of the
active and bath molecular contributions. For the former, it is zero
or almost zero. For the latter, due to carrying out the bath average,
its effect does not vary as the line of interest varies. In summary,
as one analyzes the j and k dependencies of LC and LM, one can
neglect the role played by the second factor.

In Fig. 2, we present the functions of CSF with L; = 1 and 3
noted as CSF(1) and CSF(3). As shown in the figure, the variation
pattern of CSF(1) is well organized. As j increases, the magnitude
of CSF(1) decreases. Meanwhile, as k increases, the magnitude in-
creases. The increasing paces of k for low j doublets are faster than
higher j ones. In contrast, the variation pattern of CSF(3) is com-
pletely different and becomes more complicated. In general, as j
increases, the magnitudes increase first and reach their maximum,
then decrease. For doublets with k > 3, there are structures for low
j values. With respect to the k dependence of CSF(3), the variation
pattern is complicated for j < 16. After j > 16, as k increases, the
magnitude increases.

From Fig. 1, one already knows that the potential components
with L; = 3 are dominating. Given the fact that the one- and two-
dimensional Fourier transforms labeled by L; and L, are associated
with products of the potential components with the same ranks,
the dominant role of CSF(3) would be squared in evaluating the
off-diagonal elements of S,. Thus, one can conclude that variation
patterns of LC and LM should be somehow similar to its pattern.
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Fig. 3. Calculated relative reductions resulting from considering LC, LM, and LC+LM. They are presented in Figs. 3a, b, and c, respectively.

It is worth mentioning, the Fourier transforms with L; = 2 don’t
make contributions to the intra-doublet’s off-diagonal elements
of S,. This claim results from the fact that these Fourier trans-
forms are associated with CSF(2). Meanwhile, for the two lines in
a doublet, their symmetry index assignments are opposite (i.e., € -
g’ = —1). Thus, CSF(2) are zero because DP(¢’jk,gjk; 20) = 0 (cf. Eq.
(12) of Ref [14]). Therefore, as one considers the intra-doublet’s LC,
one can completely neglect L; = 2. However, with respect to LM
things are subtly different. The Fourier transforms with L; = 2 do
make contributions to the inter-doublet’s off-diagonal elements of
S,. Consequently, through the diagonalization and integration pro-
cedures appearing in Eq. (2), they slightly play a role in calcula-
tions of the intra-doublet’s off-diagonal elements of W.

3.2. The j and k dependencies of LC and LM

After completing our discussions on CSF, we present some of
our theoretically calculated results. According to the value of k;,
the doublets of CH3D are divided into the E-E (k; # 3n) and A-A
(k; = 3n) transitions. The A-A transitions consist of two categories:
without and with A;-A, significant splitting. From a theoretical
point of view, the doublets belonging to E-E transition and A-A
transition without A{-A, splitting have a complete k-degeneracy.
Those belonging to the A-A transitions with a significant A;-A,
splitting don’t have such k-degeneracy. We have used the three
versions of our formalism to complete calculations. They are sim-
ply labeled as MRB, RRB, and RRB+LM later or alternatively as
without LC, with LC, and with LC+LM.

Based on our experiences in studying other molecules, we know
that in comparison with a calculated halfwidth with MRB, RRB re-
duces it by a certain amount, then RRB+LM reduces it further. In
order to clearly show the importance of effects from the LC, LM,
and LC+LM and also their j and k dependencies, we present rela-
tive reductions of halfwidth in the vg band due to considering LC,

LM and LC+LM in Figs. 3a, 3b, and 3c, respectively. For simplicity,
we neglect the subscript i in j and k. As shown in Fig. 3a, the ef-
fect of LC depends on k and j, varying from less than 2% for k < 5
and j < 5 and more than 10% for k > 6 and j > 16. The maximum
reduction reaches 16% at k = 8 and j = 19. Note that in general,
as j increases, the reduction increases as well. But, in regions with
low j values, they may not be monotonic functions. As functions
of k, the above claim is also true. These features are well expected
because they result from the structure of CSF(3) mentioned previ-
ously. Meanwhile as shown in Fig. 3b, the reduction pattern of LM
is somehow similar to LC, but becomes stronger. It varies from less
than 10% for k < 6 and j < 8 and more than 20% for k > 7 and
j > 16. The maximum reaches 24% at k = 8 and j = 19. In addition,
a non-monotonic behavior appears again. Finally, the j and k de-
pendencies and the whole effect of LC+LM become the strongest
as shown in Fig. 3c. The reductions are more than 27% for k > 7
and j > 16 and the maximum reaches 34% at k = 8 and j = 19.

It is worth mentioning that for other systems (i.e., CH3CI-N,
and CH3l-N,) studied by us previously [8,9], we have found a
“usual” behavior where the relative reduction is a monotonic func-
tion of j; and k;. As j; increases it decreases and as k; increases it
increases. Meanwhile, effects from LC, LM, and LC+LM reach the
maximum in the vicinity of j; ~ k;. In fact, due to relatively strong
long-range interactions occurring in these systems, the cut-off used
in studying these systems was L; = 2 and L, = 2. As a result, their
simple features directly result from the profile of CSF(1) shown in
Fig. 2a. In fact, we have made a test by using the same cut-off
L; = 2 and L, = 2 for CH3D-N,. Of course, in this case calculated
halfwidths become too low to match measurements. But, the re-
duction feature becomes “usual”, similar to CH3CI-N, and CH3I-Ns.

In summary, we have exhibited a new feature of the j and k
dependencies for the CH3;D-N, system and provided a clear expla-
nation about where they come from and why they happen. Our
conclusion is that because CH3D-N, has a very weak long-range
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Fig. 4. Verifications of the symmetry properties for some measured halfwidths (in the units of 10-3cm~'atm~') in the v; and vg bands. They are presented in Figs. 4a and

b, respectively.

interaction, one must add the atom-atom model and the latter’s
components with L; = 3 lead to totally different rotational depen-
dencies of the LC and LM processes.

3.3. Comparisons with measurements

With respect to measurements, the most recent N,-broadening
data were obtained by Malathy Devi et al. [2,3] and Predoi-Cross
et al. [4,5] for the v3 parallel band and the vs and vg perpendicu-
lar ones, using FTS spectroscopy. In these experiments, T = 296 K
and the N, pressure varies from 100 Torr to 400 Torr (Devi) and
600 Torr (Predoi-Cross). All recorded spectra were simultaneously
fit using a multi-spectrum non-linear least square procedure de-
tailed in Ref. [4]. For some selected pairs of transitions (corre-
sponding to A;-A; resolved doublets), both the W(1,1) and W(1,2)
matrix elements were also determined.

3.3.1. Some symmetry considerations

Due to the very weak or zero vibrational dependence of both
the rotational constants driving the collisional transitions and of
the average values of the molecular parameters in the initial and
final vibrational levels, some symmetry properties may be estab-
lished from theoretical predictions. For instance, one can easily
demonstrate a series of equalities between calculated halfwidths
(with and without LC and LM). Such as

QR(j, k) ~QP(j + 1, k) in parallel bands, (6a)
RR(j, k) ~PP(j+1,k+ 1) in perpendicular bands. (6b)

The weak or no- vibrational dependence of both the rotational
and molecular parameters has another consequence: a negligible
vibrational dependence of the relaxation matrices. Then, as already
noted in Ref. [4], calculations made in the vg band can be used in
analyzing the vs band.

We have checked if the experimental data by Devi and by
Predoi-Cross in the v3 band obey Eq. (6a). For this purpose we
have considered all the QR(j,k) and QP(j + 1,k) pairs for k = 1, 2,
4,5, 6,7 8. In general, Eq. (6a) was well verified and the measure-
ments by these two teams only differ slightly. However in some
cases, significant differences appear at high j. For j < 10, as shown
in Fig. 4a, both their measurements in sub-branches with k = 2
remain at the 1% accuracy level and differences of their data are
about 2%. However, for j > 10, the data of Devi fails to satisfy
Eq. (6a) at the same level and exhibit a “bump” as j increases. In
the vg band (Fig. 4b) the results are quite similar and for small j

the difference between data in the vg and vs bands (not shown
here) often differ slightly. But here too, for high j the measured j
variation pattern looks strange. In our opinion, the scattered distri-
butions appearing at high j should be related to a great difficulty in
measuring and also in fitting parameters within congested spectra.

3.3.2. The E-E transition and the A-A transition without A{-A;
splitting

First of all, we consider the E-E transition and the A-A transition
without A;-A; splitting in the v3 band and present comparisons
between calculated results and measurements in Fig. 5. The sub-
branches selected are QP(j, k) with k = 2, 4, 5, and 6 and QR(j,k)
with k = 2, 4, 6, and 8. The theoretical results consist of calculated
halfwidths without LC (i.e, MRB), with LC (i.e., RRB), and with
LM (i.e.,, RRB+LM). The measurements are by Predoi-Cross et al.
[5] and by Malathy et al. [3]. As shown in Fig. 5, in comparison
with the two earlier stages, our results with RRB+LM are closer to
the measurements and in general, the agreement with the mea-
sured values is reasonable. Meanwhile, with these figures one can
easily find gaps resulting from using different versions of our for-
malism. These gaps represent the effects from LC and LM and their
variation patterns show the j and k dependencies of LC and LM. It
is obvious that the variation patterns of gaps in the QR sub-branch
are consistent with that described above in Fig. 3. With respect to
the QR and QP sub-branches, Fig. 5 shows these features are also
applicable.

Then, we consider the E-E transition and the A-A transition
without A;-A, splitting in the vg and vs perpendicular bands. As
mentioned above, calculations made in the vg band can be used in
analyzing the vs band. In Fig. 6, we present comparisons between
calculated results and measurements in the vg and vs bands. The
sub-branches selected are PQ(j,k) with k = 2, 4, 5, 6 and RR(j,k)
with k = 4, 5, 6, 8. In general, the explanations of Fig. 5 are
also applicable here and we don’t repeat them again. However,
it is worth carefully looking at the j and k dependencies of the
halfwidths in the RR(j,k) sub-branches given in Fig. 6e-h. One ob-
serves a significant dip of the halfwidths happening at j; = k; and
the dip becomes larger as k; increases. Although the most updated
model correctly predicts these dips, it quantitatively fails at repro-
ducing their depths. Meanwhile, the agreement between calculated
and observed halfwidths becomes poorer as the k increases. Nev-
ertheless, one can conclude that for symmetric top molecules, the
correct treatment of the k-degeneracy is absolutely necessary. In
addition, in order to improve the agreements, a refinement of the
current atom-atom model is required.
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Fig. 5. Comparisons between calculated halfwidths and measurements (in the units of 10~3cm~"'atm~') in the v3 band. The calculations are made with three different
methods: MRB, RRB, and RRB+LM. The sub-branches considered are QP(j,k) with k = 2, 4, 5, 6 and QR(j,k) with k = 2, 4, 6, 8. These results are presented in Figs. 5(a)—(d)
and Figs. 5(e)—(h), respectively.

3.3.3. The A-A transitions with A;-A; splitting our previous studies [7], in such a situation, both W(1,1) and
The intra-doublet off-diagonal elements W(1,2) have been mea- W(1,2) could be independently measured (assuming that the dou-
sured, only for some doublets belonging to sub-branches with blet remains isolated from its neighbors belonging to the same
ki = 3. As is well known, the inversion of the experimen- sub-branch).
tal profiles should be adapted to the experimental conditions. However, the situation is not clear in the v3 band: no line
If a splitting is insignificant, i.e. 2Aw « y, whatever the per- mixing effects have been obtained from the fittings by Malathy
turber’s pressure, the situation is somehow similar to that dis- et al. [3]. On the opposite, weak line mixing effects have been ob-
cussed in IlI-3b. Here we are concerned with a case of “par- served by Predoi-Cross et al. [5] for some doublets in the QP(j,3)

tially” resolved doublet. A doublet belongs to that category if 2Aw and QR(j,3) sub-branches. Their observed intra-doublet’s matrix el-
> y for almost all the pressure range. As is well known from ements are listed in Table 1.
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Fig. 6. The same as Fig. 5 except for in the vg and vs bands and the sub-branches are PQ(j,k) with k = 2, 4, 5, 6 and RR(j,k) with k = 4, 5, 6, 8. These results are presented
in Figs. 6(a)—(d) and Figs. 6(e)—(h), respectively.

Table 1
Intra-doublet’s matrix elements (10-3cm~'atm~") of QP(j,3) and QR(j,3) in the v3 band.

-W(1,2) w(1,1) -W(1,2) wW(1,1) Ai-A; Measurement is
doublet Exp. [5] Exp. [5] Calc. Calc. Splitting (103cm~1) possible?
QP(10,3) 6.3 60.7 4.7 64.1 4.0 No
QP(11,3) 19.1 54.6 4.8 63.0 6.8 No
QP(12,3) 3.1 571 5.0 62.0 12.0 Yes
QR(7.3) 1.44 57.6 4.4 66.5 ~0 No
QR(11,3) 4.0 53.6 5.0 61.9 191 Yes
QR(12,3) 6.0 59.7 5.2 60.9 294 Yes
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presented in Figs. 8a and b, respectively.

Table 2

Intra-doublet’s off-diagonal elements of —W(1,2) (10~3cm~'atm™') in the PP(j,k)

sub-branch.

Table 3
Intra-doublet’s off-diagonal elements of —W(1,2) (103cm~'atm~') in the RR(jk)
sub-branch.

PP(j,3)  Predoi-Cross vs [5] Predoi-Cross vg [4] Devi vg [2] Calc. RR(j,3) Devi vg [2] Predoi-Cross vg [6] Calc.
5 10.0 - - 34 7 33 3.5 4.9
6 11.3 4.8 10.5 34 8 3.8 6.4 5.1
7 6.2 34 6.0 35 9 - 111 5.3
8 - 4.5 4.5 3.5 10 6.7 6.4 5.4
9 - 4.8 4.3 3.5 11 5.7 6.1 55
10 - 4.0 3.1 3.6 12 - 6.3 5.7
13 - 6.0 5.8
14 43 - 6.0
15 4.9 - 6.1

Knowing that a halfwidth of interest varies from about
8 x 103cm~! to 32 x 10~3cm~! when the pressure of N, varies
from 100 to 400 Torr, it can be easily understood that for the three
lines (labeled as “No”in the last column of Table 1), the experimen-
tal conditions do not allow one to make a conclusive measure-
ment of both W(1,1) and W(1,2). This implies that in these cases
(i.e., j < 12), the listed values of observed W(1,1) and W(1,2) are
less meaningful and the measured halfwidths rather correspond to
W(1,1) + W(1,2). The comparison is given in Fig. 7a. As shown in
the figure, the values of W(1,1) + W(1,2) are closer to the measure-
ments than W(1,1). Note that the symmetry between QP( + 1,3)
and QR(j,3) is also presented there.

Then, we consider measurements made in the vg and vs bands.
In the PP(j,3) sub-branch, based on whether 2Aw > y is satisfied
or not, it is possible to measure the intra-doublet’s off-diagonal el-
ements W(1,2) from j = 6 to 12 in the vg band and for j = 5 to
7 in the vs one. Table 2 gives a comparison of the calculated and
measured W(1,2), while Fig. 7b and c give the comparison between
the measured and calculated diagonal elements W(1,1). As shown
in the figure and Table 2, the agreement is good.

Coupling elements have been also measured in the RR(j,3)
sub-branch of the vg band. Since the splitting varies from 44 to
14 x 10~3cm~! for 7 < j < 15, it was indeed possible to separately
measure W(1,1) and W(1,2). Table 3 shows a comparison between
calculated and observed elements —W(1,2), while Fig. 7c shows the
comparison between the observed halfwidths and W(1,1). Here too
the agreement may be considered as reasonable.

Finally, we consider a more interesting situation: that of the
RQ(j,3) sub-branch. In the vg band, the splitting is insignificant
for j < 7 [24,23] 2Aw = 54 x 103cm™! for j = 7), then it
suddenly goes to 44 x 10~3 cm~! for j = 8 and remains impor-
tant up to j = 13 (i.e,, 37 x 10~3cm~!). Meanwhile, the splitting
in the vs band remains insignificant whatever the j values [5,23].
Consequently, all the measurements in the vs band correspond to
W(1,1) + W(1,2). The situation in the vg band is more complex. For
j < 7, they still correspond to W(1,1) + W(1,2). In contrast, they cor-
respond to W(1,1) for j > 8 because it has been possible to measure



Q. Ma and C. Boulet

Table 4
Intra-doublet’s off-diagonal elements of —W(1,2) (10-3cm~'atm~') in the RQ(j,3)
sub-branch.

RQ(j,3) Devi vg [2] Calc.
8 4.9 4.2
9 6.3 4.7
10 6.1 4.9
11 4.1 5.0
12 23 5.2
13 44 5.4

both W(1,1) and W(1,2). In Fig. 8, we present comparisons between
our calculated halfwidths in the sub-branch of RQ(j,3) in the vg
and vs bands and the corresponding measurements. Note that the
theoretical values are obtained with the way explained above. As
shown in Fig. 8a, our theoretical result correctly explains a sud-
den “jump” observed between j = 7 and 8 both by Devi et al. and
Predoi-Cross et al.. Meanwhile, as shown in Fig. 8b, both our result,
i.e. W(1,1) + W(1,2) and the measurement in the vs band don't ex-
hibit any “jump” at all. Table 4 gives the corresponding compari-
son between the coupling elements. Of course more reliable data
are required to corroborate that analysis.

4. Conclusions

Overall the calculated halfwidths and intra-doublet’s off-
diagonal elements are in reasonable agreement with the available
experimental data. Meanwhile, the present study contains some
weaknesses. Besides the well-known weaknesses inherent in cur-
rent semi-classical line shape formalisms, others include:

(1) The use of simple symmetric top wavefunctions. More accu-
rate wavefunctions may be obtained from a tensorial formal-
ism [24] allowing one to take into account the various reso-
nances existing between the vibrational bands of this spec-
tral region.

(2) The deficiency of the atom-atom potential model used in the
present study. As expected, the accuracy of the short-range
interaction is of crucial importance for that system. Going
further requires the need of more refined potential energy
surfaces (PES). As mentioned previously, a coherent adjust-
ment of the atom-atom parameters (i.e. including both the
isotropic and anisotropic parts of the potential in the opti-
mizing procedure) should be a solution. For CH3D-N,, an al-
ternative exists: recent ab-initio PES for CH4-N, have been
reported ([25] and references therein). Its implementation
in calculating the relaxation matrix remains a challenge but
represents, in our opinion, a next step in the analysis of LC
and LM processes in the CH3D-N, system.

However, our simplified approach has allowed one to ex-
hibit new interesting features for CH3D-N,. The dominant short-
range interaction between CH3D and N, contains predominant
anisotropic components with L; = 3. It turns out that these com-
ponents play a dominant role in calculating the halfwidths and re-
laxation matrices W. In addition, it is these components that cause
a completely different j and k dependencies of the line coupling
and the line mixing.

Finally, mainly due to the lack of measured matrix elements of
W(1,2) and the large uncertainties involved, it is difficult to make
experimental verifications of the theoretically predicted j and k
dependencies of LC and LM. More reliable measurements are re-
quired. At the same time, spectra recorded at much higher per-
turber’s pressures will be useful to check other calculated off-
diagonal elements of W (i.e. inter-doublet off-diagonal elements)
[26].
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