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1. Introduction

Over the years, various research groups have endeavored to de-
velop complete line lists for CH3X species (where X represents
Cl, Br, I, D, and F) through both experimental [1-4 and references
therein], and theoretical efforts [5,6 and references therein] . Re-
cently, CH3F has been included for the first time to the HITRAN
and GEISA databases [1]. Therefore, after completing our studies
of CH3Cl [7], CHsI [8], and CH3D [6], our next focus is on CHs3F,
a minor atmospheric pollutant that is known for its involvement
in fundamental chemical reactions that occur in the Earth’s at-
mosphere [9 and references therein]. Due to its strong warming
potential and significant long lifetime in the atmosphere, its at-
mospheric concentration must be controlled. To produce its com-
prehensive line list becomes necessary [1]. In order to complete
this job, people need to measure N,-broadened halfwidths, tem-
perature exponents, and line mixing effects and supplement them
with theoretical analysis. In the 1990s, a group in Namur mea-
sured N,-broadened coefficients for a few lines [10,11] in the par-
allel v, and perpendicular vs bands using a tunable diode laser
spectrometer, along with their temperature dependence . More re-
cently, Np-broadened coefficients were more systematically mea-
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sured in the vg band in Paris based on analyzing Fourier transform
spectra with a multi-spectrum fitting procedure with an accuracy
estimated within 2 - 5% [1].

From a theoretical standpoint, recent calculations of N,-
broadened halfwidths have been performed using the semi-
classical Robert-Bonamy (RB) formalism [12], based on the iso-
lated line approximation. The early studies utilized an approximate
parabolic trajectory model and a potential model limited to its
long-range components [10,13]. More recently, Jellali et at. [14] im-
proved the method by using “exact” trajectories. However, as is
now well known, thanks to the work of Cherkasov [15], the iso-
lated line approximation is invalid because the operator S, is not
diagonal in the linespace.

There are better approaches available, which we refer to as the
Modified Robert-Bonamy (MRB) model [16] and its advanced ver-
sion, the Refined Bobert-Bonamy (RRB) model [17]. These models
employ the cumulant expansion instead of the Linked-Cluster the-
orem. At the initial development stage (MRB), the essential differ-
ence between the new approach and the RB formalism is the bath
average is included or excluded in the definition of the S, oper-
ator. With our approaches, the bath average is carried out in ad-
vance as the matrix elements of S, are calculated. Consequently,
the S, matrix is independent of the degrees of the bath molecule,
resulting in a significant reduction in its size compared to the RB
formalism. This reduction enables accurate evaluation of the ele-
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ments of the matrix exp(—S,) without relying on the isolated line
approximation. Thus, the entire relaxation matrix W can be calcu-
lated based on potential energy surfaces between the two interact-
ing molecules.

Thus, a new door was opened by our approaches that enabled
one to address line mixing effects, which the RB formalism had
previously failed to account for. It is at this developing stage that
the difference between MRB and RRB occurs. As we developed
MRB in 2006, we did not carefully scrutinize the necessity of the
isolated line approximation in evaluating the matrix elements of
exp(—S,) and simply adopted it. Seven years later as we revisited
this approximation, we realized that because we were able to ac-
curately evaluate the matrix elements of exp(—S,), this invalid as-
sumption could be completely removed. This realization led to the
development of RRB.

Lastly, we would like to mention two terminologies: line cou-
pling (LC) and line mixing (LM), which are used to represent the
effects resulting from the non-diagonality of the operator exp(—S,)
in the relaxation matrix shown by Eq. (2) and of the resolvent op-
erator (w — Ly — iPW)~! in the spectral density expression shown
by Eq. (1), respectively. The distinction between MRB and RRB lies
in whether LC is taken into account or not. Generally, incorporat-
ing LC leads to smaller calculated halfwidths (i.e., the diagonal ele-
ments of W) than those obtained from MRB. Moreover, after eval-
uating the resolvent operator and considering LM, the calculated
“effective” halfwidths may be reduced further, as demonstrated in
our recent studies of Np-broadening of CH3X species [6-8]. Specif-
ically, for symmetric-tops with k-degeneracy, following Cherkasov
[15], transitions between rotational states should be treated as
doublets, with each doublet’s components possibly coupled by the
LM process. For degenerate doublets (i.e., those not resolved by the
A;-A; splitting), LM can substantially reduce the halfwidths of the
doublet.

This paper is focused on the CH3F-N, system, for which
the dominant contributor to the calculated halfwidths and ele-
ments of W is the dipole-quadrupole interaction. Meanwhile, the
intra-doublet coupling plays a major role in considering LM. The
manuscript is organized as follows: Section II provides a brief sum-
mary of the theoretical model. Section III is dedicated to compar-
ing the calculated and experimentally measured halfwidths in the
vs and vg bands, with a detailed analysis of the temperature de-
pendence of the halfwidths. Concluding remarks are presented in
Section IV.

2. Theory
2.1. A short background
Within the binary collision and impact approximations and us-

ing a symmetrized form, the spectral density at the angular fre-
quency w can be written as [17,18]:

1 1

where |n)= |vgkees;vijikie;) are the Liouville vectors associated
with the transition vgkeer < vyjike;. A background of this basis
set applicable for symmetric-tops is given in Sec. Il and in Ap-
pendix of Ref. [19]. 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 correcting a subtle derivation error in the RB formalism by
the current authors [16], the MRB formalism was firstly developed.
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Fig. 1. Spherical components of potential (in the units of K) considered in the
present study. VL;L,L correspond to U(LiL,L; K;K; = 0; R(t)) in Eq. (4).

Within MRB, the expression for halfwidth y g is given by

_mb [ db _ —(fi\Sz(rc)Ifi)}
Vi = ﬁ -/;C 27Tb<drc> {1 e drc, (2)

where n; is the number density of the bath molecules, v is the
mean relative speed, b is the impact parameter, r¢ is the closest
distance of approach for a given collisional trajectory, and r¢ iy
is the latter’s minimum which corresponds to a head-on collision
with b = 0. In Eq. (2), an average over the collisional kinetic energy
is replaced by considering only the mean velocity. Usually, calcu-
lated halfwidths with MRB are slightly larger than those obtained
with RB.

As mentioned above, in developing both RB and MRB, based
on the isolated line approximation, a replacement (fi|e=S2(<)| fi)
by e~ {filS2(0)lf1) was made. But, as pointed out by Cherkasov [15],
this assumption is invalid because S, is a non-diagonal operator in
the linespace. After removing the isolated line approximation from
MRB, we developed the RRB formalism [16]. One is now able to
calculate the matrix elements of W with an expression given by

+00
nb\') db 71 =S, (1
Wf’i’,fi = ﬁ f 27Tb(drc){8,/,8f/f — (f/l/‘e Sa(re)

T'emin

fi} dre. (3)

Interested readers can find out the way to accurately evaluate
the matrix elements of {f’i’|e=52())|fi) in our previous work (cf.
Ref. [8], Eq. (3)). Meanwhile, the expressions of the various con-
tributions to S, (outer-i; outer-f; and middle) are given in Refs.
[20,21]. Recall that the non-diagonality of S, solely results from
the Sy, midgdie term (cf. Ref. [22], Eq. (1)).

With RRB, the effect from LC is considered. However, for
symmetric-top molecules with the k degeneracy, if one wants to go
further to evaluate the spectral density F(w), one has to consider
the effect from LM resulting from the non-diagonality of Ly — iPW
in the resolvent operator (w — Ly — iPW)~1. At this stage, one
needs to find the eigenvectors of Ly — iPW which are given by
a combination of different lines leading to the line mixing pro-
cess. Depending on the absorber’s spectroscopic properties (gaps
between spectral lines, ...) and the bath pressure P, one can choose
a proper way to consider this effect as described below.

For symmetric-top molecules, when the A;-A, splitting is in-
significant between the two components of a doublet and for E -E
transitions happening within degenerate doublets (provided k; o ¢
# 0) the situation is similar. At low perturber’s pressures, different
doublets are isolated from each other and the treatment of the re-
solvent operator is limited to the corresponding 2 x 2 linespace. In
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Fig. 2. Comparisons between calculated halfwidths and measurements (in the units of 10~>cm~'atm~") in the vg band at T = 296 K. The calculations are made with three
different methods: MRB, RRB, and RRB with LM. The branch considered is PP(j,k). In order to the symmetry property, the sub-branch pair of PP(j,3) and RR(j—1,2) and the
pair of PP(j,9) and RR(j—1,8) are presented in Fig. 2(a) and (b), respectively. Comparisons in others sub-branches PP(j k) with k = 2, 4, 5, 6, 7, 8 are presented in Fig. 2(c)~(f).

the following, we will denote the two components of a doublet by
1 and 2. In addition, we will denote { 1|W|1) = ( 2|W]|2) or W(1,1)
= W(2,2) for the diagonal elements and ( 1|W|2) = ( 2|W]|1) or
W(1,2) = W(2,1) for the intra-doublet’s off-diagonal ones. The fre-
quency detuning is w, — w7 = Aw. Then, following a method pro-
posed by Ben Reuven [23], 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
components) [8,24]. Since W(1,2) is negative, W(1,1) + W(1,2)
is less than W(1,1). For CH3F, in some cases as compared to a
model ignoring the k degeneracy, it may reduce the halfwidths by
up to 30-40 % as shown later. When the A;-A, splitting is re-
solved, 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. Meanwhile, the spectral profile
can be obtained from Eq. (1) with restricting to the 2 x 2 lines-
pace.

2.2. The intermolecular potential and the spectroscopic parameters

For systems consisting of a symmetric-top molecule and a lin-
ear one, the potential can be expressed in terms of a spherical ten-
sor expansion as (cf. Eq. 5 of [19] and references therein)

V(R®)) = > U(LiLL; KiK; = 0: R(t))
LG LL

x D~ CllalaL, pa traM)Dy (21)D0 ()Y (@(D)),
M

(4)
where 4, 2, and (t) represent the orientations of molecule 1,
molecule 2 and the vector between their two centers of mass, re-
spectively. With respect to the anisotropic part of the potential,
it contains all the long-range contributions (electrostatic + induc-
tion + dispersion forces) with a cut-off of L; < 2 and L, < 2
(see Eq. (6) of Ref. [14]). Since CH3F and N, have large dipole and
quadrupole moments respectively, one can expect that considering
this long-range potential is sufficient in calculating the halfwidths
and the W matrix. Furthermore, as shown in Fig. 1, the dipole-
quadrupole interaction Vg, (i.e., the component V123) is the dom-
inant one. For example, in the sub-branch RR(j,3), differences be-
tween the calculated halfwidths with the whole potential and with
Vgq are very small: less than 4 % for j = 3,2 % for j = 8, and 1 %

for j > 18.

As usual, we assume that the isotropic part of the poten-
tial drives the translational trajectories. In the present work, we
follow Jellali’s choice to use the Lennard-Jones (LJ) model with
e = 13491 K and ¢ = 3.6215 A (These L] parameters are derived
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Fig. 2. Continued

with the combination rule based on the data provided by Jellali
et al. [14]). All the molecular parameters used in our calculations,
as well as the spectroscopic constants, are exactly the same as
those used by Jellali et al. [14]. We don’t present them again.

3. Results at 296 K

First of all, we would like to justify the approximation of iso-
lated doublets. In the experiment of Ref. [1,12,11], the maximum
of the N, pressure was around 300 mbars which gives a halfwidth
about 35 x 10~3cm~!. Then, remind that a potential model con-
sisting of components with K; = 0 can only cause couplings be-
tween lines with the same k; and k¢ values. Except for the Q
branches, the energy gap between two adjacent doublets in a given
sub-branch is around 2B ~ 1.7 cm~! (where B is the rotational con-
stant of CH3F). This implies the halfwidth is much smaller than the
gap between adjacent doublets. Then, it is obvious that even if the
W matrix has larger off-diagonal elements between lines belonging
to adjacent doublets, the resolvent matrix (w — Ly — iPW)~! can be
restricted to a 2 x 2 sub-space for each doublet. In other words, a
doublet can be considered well “isolated” from its neighbors.

We analyze all the available data, with a few exception dis-
cussed later. For lines with k; = 3n (n = 1, 2, ....), most of them
don’t have significant A;-A, splitting between the two components
of a doublet. Meanwhile, for lines with k; # 3n, the E « E tran-

sitions are also degenerate doublets (provided that k; . ¢ # 0).
For these lines, the way to treat them have been explained pre-
viously. Moreover, due to the very weak vibrational dependence
of the spectroscopic constants used to calculate energy levels and
the weak or zero vibrational dependence of the average values of
the molecular parameters in the initial and final vibrational lev-
els, some symmetry properties can be established from theoretical
consideration. For instance, one can easily demonstrate that RR(j,k)
~ PP(J+1,k+1). In addition, the weak or no-vibrational dependence
of both the spectroscopic constants and molecular parameters has
another consequence, i.e., a negligible vibrational dependence of
the relaxation matrices. Then, calculations made in the vg band
can be used in analyzing the vs band. In Fig. 2(a) and (b), we
present comparisons between measured halfwidths in the PP(j,k)
and RR(j—1,k—1) sub-branches. As shown in these two figures, the
experimental data of Barbouchi et al. [1] obey to the above sym-
metry with different ways. For the PP(j,3) and RR(j—1,2), signifi-
cant differences exist, especially at high j values. On the opposite,
for the pair PP(j,9) and RR(j—1,8), their data follow this symmetry
property well.

More interesting are comparisons between the measurements
and our calculated results derived with MRB, RRB, and RRB with
LM. The comparisons in the sub-branches PP(j,k) with k = 2, 3,
4,5, 6, 7 8, and 9 can be found in Fig. 2. Meanwhile, the com-
parisons in the sub-branches RR(j,k) with k = 2 and 8 are given
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in Fig. 2(a) and (b) and those of RR(j,k) with k = 9, 10, and 11
in Fig. 3.

As shown in these figures, when incorporating LC in the cal-
culations, the calculated halfwidths with RRB exhibit a substantial
reduction compared to MRB. The LC reduction ranges from approx-
imately 6 % to 14 %. However, in the majority of cases, the results
obtained from RRB still considerably exceed the measured values.

Next, due to considering LM, the calculated halfwidths are given
by W(1,1) + W(1,2) instead of just W(1,1). At this point, the pres-
ence of a large negative values of W(1,2) can result in a very
large LM reduction, reaching up to 26 % for k = 3 and 49 % for
k = 9. Overall, the results obtained from RRB with LM almost
nicely match the measurements. Now, let’s analyze the pattern of
variation in LM reductions compared to RRB. In general, these re-
ductions heavily rely on the values of j and k. With respect to the
j dependence, as shown in Fig. 2c, for k = 2 the LM reduction de-
creases quickly as j increases and almost disappears at high j val-
ues. For k > 2, the LM reduction decreases slowly and remains sig-
nificant even at higher j values. We note that for a given k value,
the LM reduction reaches its maximum at j = k. With respect to
the k dependence, the LM reduction and its maximum increase as
k increases.

Except for the CH3D-N, system whose dominant component of
potential is Ly = 3 [6], these reduction behaviors were already ob-
served in the NH3-NH;3 [19,22], PH3-PH3 [24], and CH3I-N, [8] sys-
tems. One can easily understood them by analyzing the ampli-
tudes of the off-diagonal elements of S;qqie Which is the ori-
gin of both LC and LM. In our previous studies, we have found
that the off-diagonal elements of S, are mainly determined by the
coupling strength factor (CSF). Similar to the other systems men-
tioned above, the present CH3F-N, system with a strong dipole-
quadrupole interaction has a dominant CSF whose rank is 1. For
the intra-doublet’s off-diagonal elements of S,, the expression for
CSF is simplified as (cf. Ref. [6], Eq. (5))

()" (245 + 1) (24i + 1) W (Jiddidg. 1)
DP(S;jik,‘, 81‘jiki; L10)DP(8/fjfkf, 5fjfkf§ L10), (5)

where the DP matrices are defined in Ref. [20]. We note that within
a doublet the choice of the (¢) is fixed, CSF becomes a function of
Ly, Jp kg ji» and k;. In addition, for a specified sub-branch, values
of jr and kg are determined by j; and k;. As a result, CSF is a func-
tion of Ly, j; and k;. Fig. 4(a) gives the CSF(L;=1) for the RR(k;k;),
RR(k;+1,k) and RR(k;+2,k;) doublets. As k; increases, the magnitude
increases. In Fig. 4(b), we present calculated ratios of W(1,2)/W(1,1)
which represent the relative reductions of the halfwidth in dou-
blets due to considering LM. These features are well expected be-
cause they directly result from the profile of CSF(1) as given in
Fig. 4(a). The interested readers can find a more detailed analysis
in Ref. [6,19]. With Figs. 2 and 3, now comparing theoretical pre-
dictions with observed dips of the halfwidths happening at j; = k;
and looking at them becoming larger as k; increases, it can be con-
cluded that the model of RRB+LM very correctly predicts these
dips.

Fig. 5 deserves some comments. Up to now, we have consid-
ered doublets in which the k-degeneracy is complete. This is no
more the case for the PP(j,3) doublets where a significant A;-A,
splitting exists for high j;: about 10 x 103 cm™! for j = 10 and
up to 33 x 10~3 cm~! for j = 34 [25]. Then, the multi-spectrum
fitting procedure has provided individual halfwidths for the two
components but with a code ignoring any LM effect (i.e. setting
W(1,2) = 0). It is worth noting that even though the A;-A, splitting
is important, it remains quite small. One should expect that mea-
sured halfwidths of the two components are closer to each other.

In our calculations the energy levels are calculated from a for-
mula provided in Ref. [25] with the spectroscopic constants used
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with k = 2 and 8 are given in Fig. 2(a) and (b), respectively.
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Fig. 4. The calculated lines coupling strength factor CSF(1) and the ratios of W(1,2)/W(1,1) in the doublets RR(k,k), RR(k+1,k), and RR(k+2,k). They are plotted in Fig. 4(a)

and (b).

by Jellali et al. [14]. With this formula and these spectroscopic con-
stants, two components have the same energy value. As a result,
our theoretically calculated halfwidths are the same for these two
components. In order to make comparisons more sense, it is better
to compare the calculated halfwidths with the averages between
two measured widths. With this way, for j > 24 where the dif-
ferences of the two measured halfwidths are small, their averages
are in reasonable agreement with our results. In general, they are
about 5-7 % smaller than the calculated plateau with RRB or RRB
with LM. For j < 24, one observes bigger discrepancies between
the two measured halfwidths. We expect that these discrepancies
may result from the fitting process.

Fig. 6 depicts a specific case of PQ(j,1), where there is no intra-
doublet coupling due to k; = 0O, resulting in W(1,2) = 0. As illus-
trated in the figure, there is a rather good agreement at higher j
lines between the measurements conducted by Barbouchi et.al in
the vg band [1] and by Lerot et al. in the vs band [10,11]. These
measurements also align well with the theoretical RRB predictions.
However, for lower j values, the variability in the experimental

130 q
125 CH,F-N,; 296K; PP(j,3) with high j
120 ] ® obs. width of one component of the doublet
] = obs. width of the other component
115 —v—calc. RRB (W(1,1))
110 1 —e— calc. RRB with LM (W(1,1)+W(1,2))
s ]
kel J
E 105 ] o
8 100+ .
L °
95 —y—
] : v M0 0 .
90 ‘.—0—‘—0—-.—0—.—.—0—.—.‘ o—
J " ] ) f L L
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j
Fig. 5. The same as Fig. 2 except for the sub-branch of PP(j,3) at higher j lines. The
calculations are made with the two methods: RRB and RRB with LM.

data prevents any definitive conclusions. It is worth noting that in
the fitting process, Lepére and Lerot utilized two line shape models
known as the Voigt and Rautian profiles, leading to the derivation
of the two slightly different broadening coefficients.

Before ending the discussions, we would like to make a few
comments on the theoretical work by Jellali et al. [14]. In the
present study, we adopt the potential and molecular parameters
provided by them. The only difference is they used the RB for-
malism and explicitly carried out an average over the velocity. In
contrast, we use our formalisms and replace the average over ve-
locity by introducing the mean velocity as shown in Eq. (2). It is
known that the halfwidths derived from MRB and RB don’t dif-
fer too much. Meanwhile, for the collision system considered in
this work, using the mean velocity approximation appears to give
reasonable results. Therefore, we expect that their originally cal-
culated halfwidths must be significantly larger than the measure-
ments (as it is the case of our MRB results). We guess this is the
reason why these authors had to introduce in the integral over

130 5 m  obs. Barbouchi et al.
125 @ obs. Lepere et al. (Voigt profile)
'“o.. - # obs. Lepere et al. (Rautian profile)
120 *e . MRB
\ —e— calc. RRB
115 A by (no intradoublet LM;W(1,2) = 0)
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i
Fig. 6. A comparison between calculated halfwidths and measurements in the sub-

branch of PQ(j,1) at T = 296 K. The calculations are made with the two methods:
MRB and RRB.
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Table 1
A comparison between measurements and our calculations at T = 183 K.

Sub-branch j Obs. Voigt Obs. Rautian W(1,1) W(1,2) W(1,1)+W(1,2)

RQ(j,2) 4 153.2 159.7 172.2 -14.9 164.3
5 158.3 160.3 173.8 -114 162.4
7 151.2 152.3 161.1 -84 152.7
8 145.9 152.8 155.7 =77 148.0
9 137.5 147.6 151.4 -7.3 144.1
17 132.8 141.3 139.3 -5.3 134.0

RQ(j,3) 10 134.4 132.7 150.3 -10.7 139.6
11 132.1 136.8 147.5 -10.0 137.5

RR(j,4) 5 135.7 136.8 169.3 -32.3 137.0
9 131.2 129.5 153.6 -16.7 136.9
14 132.1 130.8 143.4 -11.5 131.9

PQ(j,1) 6 155.2 161.5 162.0 0 162.0
12 136.6 140.4 137.8 0 137.8
15 132.1 136.5 134.1 0 134.1

PQ(j,2) 4 165.5 171.7 178.1 -5.9 172.2
5 157.5 157.7 171.8 -4.8 167.0

PQ(j,4) 7 149.2 152.9 163.6 -14.0 149.6
11 139.2 144.8 147.5 -10.0 137.5
12 132.7 138.6 145.4 -9.6 135.8

re (Eq. (2)), a cut-off g = 3.72 A in order to reach a reasonable
agreement with the measurements. In fact, with the same L] pa-
rameters used both by them and us, r¢p, = 3.394 A at T = 296 K.
In other words, as they calculated the halfwidths with the RB for-
mula, they had neglected contributions from an integration range
of rc from 3.394 A to 3.72 A. Based on our tests, the neglected
contributions are pretty large. In addition, their cut-off r,g would
cause an extra error in calculating the temperature exponent. It
is easy to understand this claim. For example, at a temperature
higher than 296 K, because the corresponding r¢ i, is smaller than
3.394 A, the neglected range of r. becomes larger. This implies that
as one calculates the halfwidths at this temperature, more contri-
butions would not be taken into account. As a result, the calculated
halfwidths would be even smaller. Therefore, their cut-off would
yield an extra strong temperature dependence as will be shown
later.

4. Results at 183 K and other temperatures

It exists very few measurements of N,-broadening coefficients
at low temperature. The only available data at 183 K comes from
measurements in the v, and vs bands by Lerot et al. in Namur
[11]. In Table 1, we present a comparison between their data and
our calculated results based on RRB with LM. As shown in the ta-
ble, the agreement is generally good.

On that basis, it becomes possible to carry out a more system-
atic analysis of the temperature dependence of the N,-broadening
coefficients. Theoretical halfwidths y(T) in several sub-branches
were calculated for T = 183, 240, 296, and 350 K. As usually, a
power law with a characteristic temperature exponent N is intro-
duced to describe the temperature dependence as:

AN
y(T) = J/(To)<79) , To =296 K. (6)

Then, we use a standard least square fitting procedure to derive
the temperature exponents.

In general, N varies as the line of interest varies. In other words,
N is a function of j and k.

To show the j dependence of N and make a comparison, in
Fig. 7 we present our calculated exponents N for the sub-branch
RR(j,3) with j values ranging from 3 to 42, along with the val-
ues derived by Jellali et al. [14]. Our values are based on RRB
with LM (i.e., W(1,1) + W(1,2)), while theirs are obtained from the
“adjusted” RB model. As illustrated in the figure, in general, Jel-

lali’'s N values are significantly larger than ours. This is well ex-
pected because as mentioned above, their artificially introduced
cut-off rog leads to enhanced N values. With respect to the j
dependence, N exhibits a non-monotonic variation with varying
j- Notably, we observe the minimum of N occurring at j = 9.
We conducted a detailed analysis to understand how this mini-
mum arises. According to Eq. (3), after excluding a common fac-
tor of Z”b(%)' the integrand of the width (i.e.,, W(1,1) + W(1,2))
is {1— (1]e 5200 1) — (1|e5200) | 2)}. We select three lines
RR(j,3) with j = 5, 9, and 20, where RR(9,3) represents the line
with the minimum and RR(20,3) has the maximum N. We plot
their integrands at T = 183 K, 296 K, and 350 K in Fig. 8. For
each of the lines, the difference between the integrands at these
three temperatures directly corresponds to its N value. The wider
the gap between the integrands, the larger the N value. As shown
in the figure, it is obvious that RR(9,3) exhibits the narrowest gap,
while RR(20,3) displays the widest one.

Regarding the k dependence, we examined four cases of RR(j,k)
with k = 1, 3, 5, and 7. The corresponding N values obtained from
RRB with LM (i.e.,, W(1,1) + W(1,2)) and RRB (i.e., W(1,1)) are pre-
sented in Fig. 9(a) and (b). By comparing Fig. 9(a) and (b), one can
conclude that similar to calculated halfwidths, calculated N also re-
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Fig. 7. A comparison between the temperature exponent N derived by Jellali et al.
[14] and by the present authors based on RRB with LM. The sub-branch is RR(j,3).
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W(1,1) + W(1,2) and on W(1,1) are presented in Fig. 9(a) and (b), respectively.
Meanwhile, the calculated N based on W(1,2) is plotted in Fig. 9(c).

lies on the formalism employed. It is noteworthy that for N de-
rived from RRB with LM, it becomes independent of k for high j
(j = 11) lines. In contrast, this behavior is not observed for N de-
rived from RRB. The discrepancy arises from the different behavior
exhibited by the off-diagonal W(1,2) compared to the diagonal el-
ement W(1,1) as the temperature varies. In order to clearly show
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Fig. 10. The performance of Hartmann’s method in the sub-branches RR(j,3) and RR(j,7). The profiles of the Ngy, and Nyres terms in these sub-branches are presented in
Fig. 10(a) and (b), respectively. Additionally, a comparison of the N values in these sub-branches, obtained from Hartmann’s method and by fitting the calculated W(1,1) and

W(1,1)+W(1,2) is shown in Fig. 10(c) and (d).

the behavior of W(1,2), we applied Eq. (6) to W(1,2) and presented
the calculated N in Fig. 9(c).

Alternatively, we have also considered a simplified method pro-
posed by Hartmann et al. [26] as an additional test. The origi-
nal Hartmann method was developed in the RB frame work and
we have slightly modified it within the MRB formalism. A com-
prehensive description of this method can be found in the Ap-
pendix. In this method, the exponent N in Eq. (A-12) is composed
of three terms. One term is a constant 0.833, while the other
two terms, named as Nayn and Npges, are functions of j and k. In
Fig. 10(a) and (b) we present the profiles of the Ngy, and Npres
in the sub-branches RR(j,3) and RR(j,7) respectively. As shown in
the figure, these two terms display opposite signs, but their com-
bination mainly remains negative. In Fig. 10(c), we compare the
results of N obtained from the three methods for RR(j,3). One re-
sult is derived from RRB, the second from RRB with LM, while
the last one is predicted using Hartmann’s simplified method. As
shown in the figure, these three results align well. However, Hart-
mann’s method does not match RRB with LM so well in other
sub-branches. Fig. 10(d) presents a comparison of N in RR(j,7) ob-
tained from these three methods. In this case, Hartmann’s intends
to match RRB well, but slightly differs from RRB with LM.

5. Conclusion
In recent papers focusing on the N,-broadening of CHsX-

species, we have demonstrated that the isolated line approxima-
tion greatly restricts the validity of the RB and MRB models. Specif-

ically, when compared to experimental measurements, the calcu-
lated widths using RB and MRB are significantly overestimated, in-
dicating the need for a reduction. In our viewpoint, the shortcom-
ings of RB and MRB arise from the disregard of the effects from LC
and LM, which occur due to the application of this invalid approx-
imation.

In order to achieve the necessary reduction, Jellali et al. intro-
duced an artificial cut-off ry within the RB method. It is evident
that more sophisticated methods based on sound physics are re-
quired, such as the RRB and RRB with LM models. To showcase the
disparities between Jellali's approach and our methods, we con-
ducted a study dedicated to the N,-broadened widths of CHsF in
perpendicular bands, along with corresponding W matrices.

Our study encompasses numerous sub-branches, encompassing
a wide range of j and k quantum numbers. By considering the
effects from both LC and LM, we observed that the RRB with
LM method led to a remarkable reduction of up to 46 %. Fur-
thermore, this method not only exhibited excellent agreements
with extensive measurements at 296 K but also yielded similar
results at 183 K. The success of this method at these two tem-
peratures encourages us to investigate the temperature depen-
dences of the halfwidths and the W matrices. To this end, in
addition to T = 296 K, we conducted numerous calculations at
T = 183, 240, and 350 K. These calculations allowed us to deter-
mine the temperature exponent N, which is an important spectro-
scopic parameter. Additionally, we analyzed the dependencies of
N on j and k, providing theoretical explanations to support our
findings.



C. Boulet and Q. Ma
Declaration of Competing Interest

All authors have participated in (a) conception and design, or
analysis and interpretation of the data; (b) drafting the article or
revising it critically for important intellectual content; and (c) ap-
proval of the final version.

This manuscript has not been submitted to, nor is under review
at, another journal or other publishing venue.

The authors have no affiliation with any organization with a di-
rect or indirect financial interest in the subject matter discussed in
the manuscript

Data availability

Data will be made available on request.

Acknowledgment

One of the authors, Q. Ma, gratefully acknowledges the sup-
port received from the NASA Radiation Sciences Program, managed
by Hal Maring. This research conducted in this study utilized re-
sources provided by the National Energy Research Scientific Com-
puting Center, which is supported by the Office of Science of the
U.S. Department of Energy under contract no. DE-AC02-05CH11231.

Appendix A simplified model for evaluating the temperature
exponent

Within the MRB formalism, an expression for the halfwidth is
given by
y(T) = (A-1)
where o( T) is the cross section whose expression is given later. For
simplicity, we only consider a potential limited to the dominant
dipole-quadrupole component. In addition, we adopt the parabolic
trajectory model derived by Robert and Bonamy [12]. In this model
the trajectory is approximated by a straight trajectory around the
distance of minimum approach. Meanwhile, in order to take into
account the effect of the force derived from the isotropic potential,
these authors introduced an apparent relative velocity v, defined

a(T)

by
8¢ o " o °
V=1 —| 5| — -2 = A-2
Note that based on the energy and angular conservations
12 6
im? = fmv +4ef (2) " - (2)°}. (A3)
Vb = vre.
the “true” velocityv, at the closest distance r. is given by
12 6
- 88 o o
=vil-—|| = - = A-4

Then, within the MRB formalism, the cross section is given by

2
00 ’

o(Ty=2m [ rc<v5(_rc)> [1-e®09]dr (A-5)
Tc.min v

Meanwhile, the function of Sy(r¢) can be expressed as
w16z
S2010) = g2 | Fz(rc) (A-6)
A
where

10
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f ( (wjij; + a’mg))

B(ro) = Y p(2)1 2 CuCy”

i il

Ja Jiiy

ve(re)

+jik,‘ d ]fkf (A—7)

The expressions for Cm C(,z), and the function of f, can be

found in Ref. [27]. So far the above comes from the standard RB
formalism.

Then, in developing this method, these authors made a new and
crucial step by introducing a simplified assumption in Eq. (A-5),
i.e., to replace (1 —e=5200)) by

(1-

e 209) =1asre <1,

(1—e209) =0asrc > re. (A-8)
In Eq. (A-8), a turning point ry is determined by
1
(1—e202) = 5 0T S () = In2. (A-9)
Then, given a fact that the primitive of rc(@)zis

2
%(%U“))zand Ve(remin) = 0, one can rewrite Eq. (A-5) as

2 2
T 4
=27 f rc<UC(_rC)> ch = JTT?O <UC(TCO)> .
rc.mm v U

Now, one is ready to derive the temperature exponent N. First
of all, based on calculated S,(r¢), one can find the value of r,g with
Eq. (A-9). Secondly, with Eqs. (A-6) and (A-10), one can express
F(reo) as

o (T)

(A-10)

2
Bo) = 1oln2 ( th ) vl (reo)1dp- (A-11)

It is well known that as a function of r, the multipole interac-
tion between multipole n; and multipole n, varies as rln where
n =n; + ny + 1. For the dipole-quadruple interaction with n = 4.
L appearing in Eq. (A-6) comes from

In fact, the factor 7
re T

Therefore, a general expression applicable for the multipole inter-

action is the same as Eq. (A-11) except for replacing r by r2" -2
Then, with Eq. (A—ll) one obtains

6 2n-2

T =T T

c0 c0 z(rc )FZ( CO)

= _ 21
1\" % " 1
2 = — T A-12
i (3) () " o

Finally, with Egs. (A-10) and (A-12), the temperature depen-
dence of cross section can be expressed as

1 w1 ) T uc(rco)
““(T) (%(rco)) ( )Fz(”

In the terminology introduced in Hartmann et al., the first fac-
tor gives a contribution to N by a constant of 1/(n-1) which is
0.333 for the dipole-quadrupole interaction. This constant is the
well-known exponent derived by Birnbaum with a fully resonant
approximation and straight trajectories [18]. The second and third
factors, considered together as Ngy, to represent a dynamical con-
tribution to N. Finally, the last one represents a contribution tak-
ing into account all the non-resonant processes appearing in the
virtual collisional transitions. As one calculates F,, if one only con-
siders resonant contributions associated with w;;;;; + @pjy, = 0,
the function F, becomes a constant 1 without temperature de-
pendence. Therefore, it is named as Nprs by adding a subscript

(A-13)
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of nres (non-resonance). In summary, since the factor of % in

Eq. (A-1) gives an extra contribution of 0.5, then the expression
for N is given by

N = 0.833 + Nyyy + Nures. (A-14)

During the preparation of this work the authors used ChatUPT
in order to improve English. After using this tool/service, the au-
thors reviewed and edited the content as needed and take full re-
sponsibility for the content of the publication.
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