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A B S T R A C T

The N2-, O2, and air-broadened halfwidths of CH3CN lines in the parallel ν4 band have been calculated, along
with the relaxation matrices W. These calculations employ our modified and refined versions of the Robert-
Bonamy formalism and use all potential parameters from the literature without adjustments. Extensive com-
parisons between the predicted N2-broadened halfwidths in the qR and qP branches from the models at T= 296 K
and experimental measurements are presented, showing that our latest model very closely matches the mea-
surements. For the qQ branch, where measurements are unavailable, we compare our N2-broadened halfwidths
with the converted air-broadened data from HITRAN 2008, obtaining similarly good agreement. The variation in
the j and k dependencies of the N2-broadened halfwidths is discussed in detail. Additionally, the theoretically
determined conversion factor from N2- to air-broadening is provided. Finally, based on our theoretical calcu-
lations of N2-broadened halfwidths of the qR(j,3) lines at five different temperatures, ranging from 250 K to 350
K, the temperature exponent N is determined and its dependence on j is analyzed.

1. Introduction

Methyl Cyanide (CH3CN) is recognized as a long-living pollutant in
the Earth’s atmosphere and is also of significant astrophysical interest,
having been also detected in planetary atmospheres, such as that of
Titan, as well as in the interstellar medium and comets [1–3]. Therefore,
precise knowledge of its spectroscopic parameters (i.e., line frequencies,
intensities, pressure broadened halfwidths and induced shifts, temper-
ature exponents, and appropriate lineshape profiles) is essential for
developing accurate remote sensing models. In this work, we focus on
the CH3CN line broadening by N2 and O2, which are primary compo-
nents in Earth’s atmosphere. N2 broadening is particularly important in
Titan’s atmosphere, where the N2 abundance is around 98.4 %.
Given this interest, several line broadening measurements have been

done, with a detailed review available in Ref. [1–3]. Most of these
studies focused on only a few lines in the pure rotational band [1,4].
However, in 2008, Rinsland et al. [3] published N2-broadening data for
about 700 lines in both the qR and qP branches of the parallel ν4 band at
room temperature, providing a valuable resource for developing the
broadening coefficients adopted by the HITRAN 2008 database [5].
From a theoretical perspective, the most recent calculation of N2-

broadening halfwidths for CH3CN [2] applied Bykov’s semi-empirical
approach [6] for calculating line broadening coefficients with their
temperature dependence. Remind that this method employs analytical
Anderson-type expressions for halfwidth, corrected by an empirical
factor with a few parameters to account for real trajectory curvature,
vibrational effects, and corrections to the scattering matrix. Once the
model parameters are calibrated using some experimental halfwidths,
extensive calculations can be performed across a wide ranges of j and k
values required by spectroscopic databases.
Previously, using the Robert-Bonamy (RB) formalism [7], Colmont

et al. [1] conducted a purely theoretical calculation of N2-broadened
halfwidths for CH3CN. Unfortunately, their efforts were unsuccessful,
leading them to conclude that for molecules with a large dipole and/or
quadrupole moment, the RB method would results in a significantly
overestimation. It is worth noting that the RB method, developed in
1979, is based on the isolated line approximation, in which the matrix
elements of the operator exp(–S2) are replaced by the exponential of the
matrix elements of –S2. In other words, exponential of the operator is
assumed to behave like as an ordinary function. However, as previously
noted by Cherkasov in 1976 [8] and also Buffa and Tarrini in 1977 [9],
the –S2 operator is not diagonal in the linespace. As a result, this
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replacement is not valid, which severely limits the reliability of the RB
formalism. The poor performance of the RB method was also demon-
strated in our recent studies of the CH3X-N2 systems [10–14].
An alternative approach, which we call the Refined Robert Bonamy

(RRB) model, has been developed by us [15,16]. In this model, we used
the cumulant expansion instead of the Linked-Cluster theorem employed
by Robert and Bonamy. This modification not only corrects a subtle
derivation error in the RB method, but also dramatically reduces the
matrix size of -S2. This reduction is a crucial advancement, as it allows to
remove the isolated line approximation and to accurately evaluate the
matrix elements of exp(− S2). In addition, the entire relaxation matrix W
can be calculated based on the potential energy surfaces between the
two interacting molecules. As a result, this approach enables the treat-
ment of line mixing effects, which the RB formalism had previously
failed to address.
Finally, we would like to explain the terminology related to line

coupling (LC) and line mixing (LM). These terms are used to describe
effects from the non-diagonality of exp(− S2) and of the resolvent oper-
ator (ω − L0 − iPW)− 1respectively. By accounting for LM, the calculated
“effective” halfwidths can be further reduced, as discussed in our recent
papers devoted to N2-broadening of CH3X-species [10–14].
For symmetric tops with k-degeneracy, the original eigenfunctions

are inadequate for describing a symmetric-top rotor. Instead, a more
proper approach involves using symmetric and asymmetric combina-
tions of the two rotational functions with k and -k [17]. As a result, a
given transition jf k← ji k should be treated as a doublet, except when k
= 0 [8]. Then, the two components of each doublet can be coupled
through the LM process. For degenerate doublets (i.e. those not resolved
by any hyperfine splitting), LM can significantly reduce the halfwidths
of the doublet. As shown in our previous works, this feature provides a
strong explanation for the LM effects observed in the halfwidths of
N2-broadened CH3X.
The manuscript is arranged as follows. Section II provides a brief

overview of the theoretical model. Sec. III presents the theoretically
calculated N2- and O2-broadened halfwidths of CH3CN lines in the ν4
band, with comparisons to experimental measurements and the values
listed in HITRAN 2008. A detailed analysis of the temperature depen-
dence of the halfwidths is also included. Concluding remarks are given
in Sec. IV.

2. Theory

2.1. A short background

Within the binary collision and impact approximations and using a
symmetrized form, the spectral density can be written as [16,18],

F(ω) =
1
π Im

∑

n,l
dl

̅̅̅̅ρl
√

〈

l
⃒
⃒
⃒
⃒

1
ω − L0 − iPW

⃒
⃒
⃒
⃒n
〉

̅̅̅̅̅ρn
√ dn (1)

Here |n〉––– |jfkfεf; jikiεi〉 is the Liouville vector associated to the transition
jfkfεf ← jikiεi. A background of this basis set applicable for symmetric tops
is given in Sec. II and Appendix of Ref. [19]. In Eq. (1), ρn =

exp (− βEn)
Z

represents matrix elements of the density operator without consider-
ation for magnetic degeneracy. The term Z denotes the partition func-
tion, En = E(νijikiεi) is the initial energy of transition. In addition, dn
stands for the associated transition dipole operator and L0 is the diagonal
matrix of transition frequency. Finally, P is the bath pressure and W is
the symmetrized relaxation matrix. The correspondence between the
symmetrized form and the “usual” unsymmetrized one is recalled in
Appendix A of Ref. [18].
We do not repeat the detailed development processes of our for-

malisms here. Readers are referred to our earlier works (CH3D-N2) [12]
for this information. Instead, we only briefly explain the key physical
advancements. The modified Robert-Bonamy (MRB) method is an

earlier version where a subtle derivation error in the RB formalism was
corrected, but the isolated line approximation was still applied [15].
Within the MRB method, halfwidths γfi can be calculated using the
following formula:

γfi =
nbν
2πc

∫+∞

rc,min

2πb
(
db
drc

)
{
1 − e− 〈fi|S2 |fi〉

}
drc, (2)

where nb is the number density of the bath molecules, ν is the mean
relative speed, b is the impact parameter, and rc is the closest distance for
a given trajectory. Meanwhile, in Eq. (2) an average over the collisional
kinetic energy is replaced by the mean relative speed ν.
The subsequent version is the refined Robert-Bonamy (RRB) method,

in which the invalid isolated line approximation is removed, and the
effects from line coupling (LC) are considered [16]. The RRB method
allows for the calculation of the entire relaxation matrix W, whose di-
agonal elements correspond to the calculated halfwidths. The expression
for W is given as follows:

Wfʹí ,fi =
nbν
2πc

∫+∞

rc,min

2πb
(
db
drc

)
{

δí iδfʹf − 〈fʹí |e− S2(rc)|fi〉
}
drc. (3)

Our most advanced formalism is the RRB with line mixing (LM)
method. This method further accounts for the effect from LM due to the
non-diagonality of L0 − iPW in the resolvent operator (ω − L0 − iPW)− 1.
At relative low perturber’s pressures in the experiment [3], most of the
doublets are isolated and the size of their line space is limited to 2 × 2.
By applying Ben Reuven’s method [20], the “effective” halfwidth of an
isolated doublet is the sum of the diagonal and off-diagonal elements.
Using simple notations 1 and 2 representing the two components, we
have W(1,1) ≡ Wf1 i1 ,f1 i1 = Wf2 i2 ,f2 i2 and W(1,2) ≡ Wf1 i1 ,f2 i2 . The “effec-
tive” halfwidth of a doublet then becomesW(1,1) + W(1,2). SinceW(1,
2) is negative,W(1,1)+W(1,2) is smaller thanW(1,1). As demonstrated
later, this effect can dramatically reduce the calculated halfwidths.

2.2. The intermolecular potential

For systems consisting of a symmetric-top molecule and a linear one,
the potential can be expressed in terms of a spherical tensor expansion as
(cf. Eq. (4) of [21] and references therein),

V
(
R→(t)

)
=

∑

L1K1L2L
U(L1L2L;K1K2 =0;R(t))

×
∑

μ1μ2M
C(L1L2L, μ1μ2M)DL1∗

μ1K1 (Ω1)D
L2∗
μ20(Ω2)Y

∗
LM(Ω(t)), (4)

where Ω1,Ω2 and Ω(t) define respectively the orientation of molecule 1,
of molecule 2, and of the vector between their two centers of mass.
The anisotropic part of the models for CH3CN–N2 and CH3CN–O2

includes all the long range interactions, including electrostatic, induc-
tion, and dispersion forces, with L1, L2 ≤ 2 (refer to Eq. (7) of Ref. [1]).
All molecular parameters, as listed in Table 1, are taken from sources
available in the literature, not adjusted to fit the data. For CH3CN and
N2, the interaction parameters are exactly those given in Table 4 of
Ref. [1], except for two corrections: the value of − 1.30 (referred by these
authors to as “a rather low value of the quadrupole moment of N2” in
Ref. [1]) has been replaced by the more typical value − 1.40, and the sign
error in the Q parameter for CH3CN has been corrected. Meanwhile, the

Table 1
Molecular parameter and anisotropic interaction parameters.

M (g mol-1) U (eV) α (Å3) γ d (D) Q (DÅ)

CH3CN 41.0519 12.20 4.134 0.164 3.913 − 1.80
N2 28.0134 15.58 1.74 0.137 0 − 1.40
O2 31.9988 12.0697 1.5689 0.233 0 − 0.40
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parameters for O2 are taken from Table 1 of Ref. [22]. We note that no
further adjustments were made to fit the measurements.
Fig. 1(a) and 1(b) illustrate the various components U(L1L2L; 00; R)

of these potential models. Given the large dipole and quadrupole mo-
ments of CH3CN, we are confident that these potential models are
adequate for describing the interactions for these two molecular sys-
tems. As shown in Fig. 1(a), the dominant component for CH3CN–N2 is
(123) (red), which primarily represents the dipole-quadrupole interac-
tion between the CH3CN and N2 molecules. The next important three are
(101) (green), (202) (blue), and (224) (black). The remaining compo-
nents (i.e., (220) (cyan), (121) (magenta), and (222) (yellow)) are
negligible. In fact, our numerical calculations demonstrate that the
largest contributor to the pressure broadening is the (123) component.
Contributions from other components are negligible.
With respect to the interaction between CH3CN and O2, as shown in

Fig. 1(b), the dominant component is also (123). However, because the
quadrupole of O2 is significantly smaller than that of N2, this interaction
is much weaker than the CH3CN–N2 interaction. Therefore, O2-broad-
ened halfwidths are expected to be significantly smaller that N2-broad-
ened ones.
In Table 1, d and Q are the dipole and quadrupole moments,

respectively. α and γ are the isotropic polarizability and the anisotropy
of polarizability. U is the first ionization energy. An explicit expression
for these anisotropic interactions is provided in Eq. (7) of Ref. [1].
As usual, we assume that the collisional trajectories are determined

solely by the isotropic part of the potential. In this work, we use the
Lennard-Jones model with parameters provided in Table 2. For molec-
ular systems, the LJ parameters are derived from related molecules using
usual combination rules.
In Table 2, all parameters are taken directly from the literature [1,

23] without any adjustments.
Finally, the energy levels of CH3CN were calculated with the pa-

rameters given in Ref. [1].

2.3. Construction of the linespace

Since all the components of the potential correspond to K1 = 0, the
collisional selection rule is Δk = 0, which is the same as the radiative

selection rule. Consequently, the whole linespace for the ν4 band of
CH3CN can be divided into uncoupled sub-blocks, since the line coupling
does not occur between two lines with different initial k values. More-
over, based on our experience, inter-branch couplings can be reasonably
neglected [24]. Then, the linespace with a given k can be further divided
into the qR(j,k), qQ(j,k), and qP(j,k) branches, where q indicates Δk =

0 and R, Q, and P correspond to Δj = 1, 0, − 1, respectively.

2.4. Line coupling strength factor

As explained in our previous study, within a doublet the LC effect is
mainly determined by the coupling strength factor (CSF) defined by

(− 1)L1
(
2jf +1

)
(2ji +1) W

(
jijf jijf , 1L1

)
DP( έijiki, εijiki; L10

)
DP

(
έf jf kf , εf jf kf ; L10

)
,

(5)

whereW(jijfjijf,1L1) is the Wigner 6j symbol and the DPmatrix is defined
in Eq. A(3) of Ref. [21]. Since both the CH3CN–N2 and CH3CN–O2 sys-
tems are characterized by L1= 1 as their dominant potential component,
one can focus attention on the CSF term with L1 = 1.
In Fig. 2(a) and 2(b), we present the magnitudes of CSF(1) for dou-

blets of the qR(j,k) and qQ(j,k) lines, where k ranges from 1 to 9 and j
ranges from its minimum k up to 46. The figure demonstrates a well-
defined pattern in the variation of CSF(1). It is noticeable that as k in-
creases, the magnitudes of CSF(1) also increase. Meanwhile, with an
increase in j, the magnitudes of CSF(1) decrease. Therefore, one can
expect the effect of LM to increase as k increases, and to decrease as j
increases. This expectation is confirmed by our calculated halfwidths, as
shown later.
Furthermore, as demonstrated in Fig. 2(a) and 2(b), the magnitudes

of CSF(1) at a given k value in the qQ branch are larger than those in the

Fig. 1. Spherical components, labeled by (L1L2L), for the interaction of CH3CN - N2 and CH3CN - O2, are shown in Figs. (a) and (b), respectively. With the current cut-
off, there are seven components: (101), (121), (123), (202), (220), (222), and (224), each represented by solid curves in seven different colors: green, magenta, red,
blue, cyan, yellow, and black.

Table 2
The LJ parameters for the molecules and molecular systems.

CH3CN N2 CH3CN–N2 O2 CH3CN–O2

σ (Å) 4.452 3.816 4.134 3.507 3.9795
ε (K) 60.14 92.91 74.7503 117.69 84.1301
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qR branch. Consequently, one can expect that the effect from LC will be
stronger in the qQ branch compared to the qR branch. This expectation
is also confirmed by our calculated halfwidths, as shown later.

2.5. Symmetry property

Due to the very weak vibrational dependence of both the rotational
constants governing collisional transitions and the average values of the
molecular parameters in the initial and final vibrational levels, some
symmetry properties can be established from theoretical considerations.
In this study, a relationship between calculated halfwidths in the two
branches obtained from any theoretical method can be easily estab-
lished:

qR(j, k) ≈ qP(j+ 1, k). (6)

As shown in Fig. 3, within the experimental uncertainty, the mea-
surements of Rinsland et al. [3] also confirm Eq. (6).
The weak or negligible vibrational dependence of both the rotational

and molecular parameters leads to another consequence: a negligible
vibrational dependence of the relaxation matrices. Therefore, calcula-
tions performed in the ν4 band can be applied to the analysis of the pure
rotational band (see Secs. III-3 and III-4).

3. Results and discussions

Before presenting our results, we would like to point out that, due to
the CH3CN molecule’s large dipole and quadrupole moments, the

interactions, especially in the CH3CN–N2 system, are very strong. When
evaluating the matrix elements of exp(-S2) (Eq. (3)), we encountered
larger positive eigenvalues of the -S2 matrix at short collisional dis-
tances, leading to divergence in the calculations. To prevent this
blowout problem, we adopted a method we had previously developed to
enforce the sufficient condition of the positive definite matrix on the -S2
matrix [10]. Interested readers can refer to our earlier work for further
details.

3.1. Calculated N2-broadened halfwidths in the qR, qQ, and qP branches

We have performed extensive calculations at T = 296 K for N2-
broadened halfwidths of CH3CN lines in the ν4 band. Our calculations
cover all three branches: qR(j,k), qQ(j,k), and qP(j,k), covering k values
from 0 to 9 (or 1 to 10 for the qQ branch) and j values from the minimum
to 46. Three different formalisms (i.e., MRB, RRB, and RRB with LM)
have been used in these calculations. The results of our computations in
the qR, qP, and qQ branches are presented below.
As shown in Fig. 4, the MRB method significantly overestimates the

halfwidth in the qR branch when compared to the measurements.
Incorporating LC using the RRB approach leads to a substantial reduc-
tion in the calculated halfwidths. However, even after having these LC
reductions, the calculated halfwidths with RRB still significantly surpass
the measured values. Finally, by using the latest method (i.e., RRB with
LM) where both LC and LM are considered, the calculated halfwidths are
significantly reduced further and very closely match the measurements.
At this stage, we would like to provide detailed analysis and

Fig. 2. Magnitudes of the coupling strength factor (CSF) with L1 = 1 for the qR and qQ branches where k ranges from 1 to 9 and j ranges from k to 46. They are
presented by solid lines in (a) and (b), respectively. Nine different colors are used to distinguish nine different k values. The lowest curve is k = 1 and the highest one
is k = 9.

Fig. 3. Verification of the symmetry property qR(j,k) = qP(j + 1,k) for the N2-broadened halfwidths with k = 3 and k = 5 measured by Rinsland et al. These are
shown in panels (a) and (b), respectively. The halfwidths of qR(j,k) are represented by the black + symbols and the halfwidths of qP(j + 1,k) are represented by the
red □ symbols.
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Fig. 4. The N2-broadened halfwidths of the qR(j,k) lines for k = 0, 1, …, 9 are presented in ten plots, labeled (a) through (j), respectively. These theoretically
calculated values are obtained using the MRB method (green dotted dash), the RRB method (black dashed), and the RRB with LM method. For k = 0, since the
doublets do not exit, only the first two methods are applied. Additionally, the measured N2-broadened halfwidths by Rinsland et al. [3] are represented by the
symbol Δ.
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explanation for these two reductions. By using the same notations for the
three methods to represent the corresponding calculated halfwidths, the
first reduction is defined as (MRB-RRB)/MRB and the second one is
defined as [RRB-(RRB with LM)]/RRB (i.e., W(1,2)/W(1,1)). In Fig. 5,
for the qR branch, we present these two reductions as a function of j and
k.
We emphasize that both reductions defined above originate from the

same source: the non-diagonality of the -S2matrix. When calculating the
W matrix using Eq. (3), a diagonalization procedure is introduced to
evaluate the matrix elements of exp(-S2). This procedure completely
leads to two different matrix element distributions of -S2 and exp(-S2)
(consequently, the W matrix itself). As a result, in addition to the off-
diagonal matrix elements of -S2 whose magnitudes can be well pre-
dicted from CSF(1), this diagonalization procedure may also play a
critical role in determining the reductions.
First, let us analyze the first reduction. As shown in Fig. 5(a), the first

reduction varies within 3% to 10% and it exhibits complex variation as
the values of j and k change. As explained above, RRB involves the
diagonalization procedure, whereas MRB does not. This difference
suggests that the diagonalization procedure is responsible for the com-
plex variation observed in the first reduction. The distinct variation
behavior for k ≤ 2, compared with higher k values, is due to an edge
effect in the diagonalization procedure.
Concerning the second reduction of W(1,2)/W(1,1), we note that it

becomes zero for k = 0 because the corresponding double does not exit.
As shown in Fig. 5(b), the variation pattern with respect to j and k is well
organized and it closely resembles CSF(1) shown in Fig. 2(a). Since both
W(1,2) and W(1,1) are obtained following the diagonalization proced-
ure, the effects of this procedure on the second reduction are canceled
out. As a results, the variation is mainly determined by CSF(1). More
specifically, the magnitude of the second reduction increases as k in-
creases, especially for lines with the minimum j values (i.e., j = k). For a
specified k value, the magnitude varies significantly with j. The
maximum always occurs at the minimum j (i.e., j = k) and can reach as
high as 32% for k = 9. In contrast, for the j = 46 line, the reduction
becomes small or even negligible, particularly for small k values. Finally,
by comparing Fig. 5(a) and 5(b), one can conclude that the second re-
ductions is more significant than the first one.
We now present our results for the qQ branch. Theoretical calcula-

tions are performed similarly to those for the qR branch. However, it is
worth mentioning that measuring individual halfwidths in this branch is
nearly impossible due to the congestion of the spectra. As a result,
measured halfwidths are not available. Instead, we compare our calcu-
lated halfwidths with the air-broadened data listed in HITRAN 2008. To
convert these air-broadened values to N2-broadened ones, they are
multiplied by a factor of 1/0.93, as used in HITRAN 2008.

In Fig. 6, the explanations for the calculated N2-broadened half-
widths of the qQ(j,k) lines using the three methods are similar to those
for the qR branch and are therefore not repeated here. In this case,
compared to the converted air-broadened data from HITRAN 2008, our
results derived from the RRB with LM method also show very good
agreement.
Next, we analyze the two reductions in the qQ branch and present

their variation profiles in Fig. 7(a) and 7(b). The analysis and explana-
tion of these reductions in the qQ branch are similar to those in the qR
branch and are therefore not repeated here. However, it is worth noting
that, in general, the reductions in the qQ branch are stronger than those
in the qR branch, particularly for high k values. The maximum reduc-
tion, occurring at j = k = 10, can reach as high as 43%. As mentioned
earlier, this is due to the higher magnitudes of CSF(1) in the qQ branch
compared to those in the qR branch as shown in Fig. 2(a) and 2(b). In
addition, as shown in Fig. 7(a), due to the edge effect, a distinct variation
in the first reduction behavior occurs only for k = 1, unlike the three
occurrence for k = 0, 1, and 2 in the qR branch. This difference may
result from the fact that, compared to the qR branch, the inter-doublet
off-diagonal elements of -S2 in the qQ branch become less significant.

3.2. The j and k dependencies of calculated N2-broadened halfwidths

A. The j dependence in the qR, qQ, and qP branches
For the j dependence of halfwidths in the qR branch, as shown in

Fig. 8(a), except for k = 0 where the doublets do not exist, all other
halfwidths increase quickly from their minimum j values (i.e., j = k)
until reaching their maxima. The position of these maxima shifts to
higher j values as k increases. After peaking, the halfwidths decrease at
varying rates. Beyond j > 36, their variations with respect to j become
smaller or even negligible.
For the j dependence of the qQ(j,k) lines shown in Fig. 8(b),

compared to the qR(j,k) lines, all variation patterns with j are similar to
those of the qR(j,k) lines with k ∕= 0. However, the magnitudes at their
minimum j = k decrease more quickly as k increases compared to those
of the qR(j,k) lines. This is due to the stronger magnitudes of CSF(1) in
this branch, as mentioned earlier.
Note that due to the symmetry of qP(j + 1,k) = qR(j,k), we do not

present a figure showing the j dependence of the qP(j,k) lines. This figure
would be identical to Fig. 8(a), except for shifting all the curves by one
unit along the j axis.

B. The k dependence of the qR, qQ, and qP branches
As shown in Fig. 9(a), which includes lines with 1 ≤ j ≤ 18, the

halfwidths decrease as k increases. The rate of decrease with respect to k
slows down as j increases. For j ≥ 12, the curves become progressively
flatter. In contrast, Fig. 9(b), which covers lines with 19 ≤ j ≤ 36, shows

Fig. 5. Calculated first and second reductions of the qR(j,k) branch as functions of j and k in (a) and (b), respectively. For the first reduction, k values range from 0 to
9, while for the second reduction, k values range from 1 to 9. Different colors indicated the various k values. Additionally, since each of the k curves starts from j = k,
this feature helps to differentiate them.
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Fig. 6. The same as Fig. 4 except for the qQ(j,k) lines with k values range from 1 to 10. Besides, the air-broadened data listed in HITRAN 2008 are converted to the
N2-broadened ones by multiplying a factor of 1/0.93, and are presented by the symbol Δ.
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that the curves representing the halfwidths for these lines are relatively
flat, and their magnitudes decrease as j increases.
For lines with j > 36, the calculated halfwidths in the qR branch

exhibit no significant dependence on j and k. Therefore, they are not
presented here.
In general, the explanations presented above for the qR branch also

apply to the qQ branch and will not be repeated. However, one note-
worthy feature is that, as shown in Fig. 10(a), for lines with j ≤ 9, their
minimum values, occurring at k = j (i.e., at their truncation points), are
smaller when compared to those in the qR branch shown in Fig. 9(a).
This difference is attributed to the stronger CSF(1) of the qQ branch.
Additionally, due to the symmetry of qP(j+ 1,k)= qR(j,k), we do not

Fig. 7. The same as Fig. 5 except for the qQ(j,k) branch. Because the qQ(j,0) lines do not exit, the k values considered range from 1 to 10.

Fig. 8. The calculated halfwidths of the qR(j,k) and qQ(j,k) lines are shown as a function of j in (a) and (b), respectively. For qR(j,k), k values range from 0 to 9, while
for qQ(j,K), k values range from 1 to 10. Different colors are used to distinguish the ten k values. Additionally, since each of the k curves starts from j = k, this feature
helps to differentiate them. The calculations are based on the RRB with LM method.

Fig. 9. As a function of k, the calculated halfwidths of the qR(j,k) lines for j values ranging from 1 to 18 and from 19 t0 36 are presented by solid curves in (a) and (b),
respectively. Different colors distinguish the eighteen j values in each of these plots. The calculations are based on the RRB with LM method. A helpful hint for
distinguishing the lines: in Fig. 9(a), for the lines with j < 9, the curves are truncated at k = j. Meanwhile, for the line with j ≥ 9, the magnitudes of the lines at k =

0 decrease as j increases.
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present figures showing the k dependence of the qP(j,k) lines. These
figures would be identical to those of the qR(j,k) branch except for
relabeling j as j+ 1. Finally, we note that the main features of the j and k
dependencies shown in Figs. 8-10 are similar to those derived by
Dudaryonok et al. using their semi-empirical method (see Fig. 1 of
Ref. [2]).

3.3. Calculated O2- and air-broadened halfwidths in the qR, qQ, and qP
branches

Usually, air-broadened halfwidths are derived from N2- and O2-
broadened halfwidths, by assuming a standard air composition of 79%
N2 and 21% O2 and using a formula:

γair = 0.79 γN2 + 0.21 γO2 (7)

To the best of our knowledge, no systematic measurements of O2-
broadened halfwidths are available. Previously, Fabian et al. reported
N2- and O2-broadened halfwidths for the qR(4,k) and qR(5,k) manifolds
(with k = 0, 1, …, j) in the mmW region. The average ratio of O2-
broadened to the N2-broadened halfwidths was found to be 0.67. Ac-
cording to Eq. (7), this implies that the ratio of air-broadening to N2-
broadending (i.e., the conversion factor) is 0.93, As mentioned above,
this value was used in the development of the HITRAN 2008 database.
We performed calculations to derive the O2-broadened halfwidths in

the qR and qQ branches only. As explained previously, calculations for
the qP branch are unnecessary. We then theoretically derive the air-
broadened halfwidths in these branches using Eq. (7), with the results
presented in Figs. 11 and 12, respectively. Additionally, we easily
determined the value of the average conversion factor, which is 0.91 and
closely matches Fabian’s measured value of 0.93.
As shown in Fig. 11, our calculated air-broadened halfwidths in the

qR branch derived from Eq. (9) match the HITRAN data pretty well.
However, it is worth mentioning that as shown in Fig. 11(j), the qR(j,9)
data listed in HITRAN 2008 are wildly scattered, indicating possible
errors.
As shown in Fig. 12, our calculated air-broadened halfwidths for the

qQ branch also agree well with the HITRAN data. Similar to the qR
branch, the HITRAN data for high k values appear to be increasingly
scattered. The higher the k value, the greater the scattering. This sug-
gests that some errors may be present in certain lines.
Here, we would like to briefly discuss the conversion factor from N2-

to air-broadening. Based on our previous theoretical studies of the CH3F
and CH3I molecules, our predicted values for these two molecules are
0.91 and 0.95, respectively. On the other hands, in developing HITRAN
2008, values of 0.90, 0.96, 0.96, and 0.93 were used for H2O, CH3Cl,
CH3Br, and CH3CN molecules [5]. From a theoretical standpoint, it is
understandable that different molecules have different conversion

factors due to variations in their molecular parameters and the different
interactions they are involved in.
Furthermore, the fact that our theoretical calculations, without any

adjustments, agree very well with Rinsland’s measurements in the qR
and qP branches not only validates the applicability of our formalism,
but also confirms the reliability of Rinsland’s data. In fact, our current
study serves as strong support and provides theoretical explanations for
their measurements. On the other hand, for the qQ branch, where
Rinsland’s measurements are not available, our theoretical results
match the adjusted HITRAN values very well, demonstrating the reli-
ability of the air-broadened data in HITRAN 2008 and the applicability
of the conversion factor 0.93. Since new comprehensive measurements
are unlikely to become available in the coming years, we hope that
Rinsland’s measurements, along with the conversion factor 0.93, will
continue to serve as a valuable source for the development of the next
version of HITRAN. Recently, from the HITRAN news posted in Oct.
2024, we were pleased to learn that the HITRAN committee accepted
our suggestion to retain the conversion factor 0.93 in future updates to
the CH3CN line list.

3.4. Temperature dependence of the N2-broadened halfwidths

We have previously investigated the temperature dependence of the
halfwidths for similar molecules, such as CH3F [13] and CH3Br [14]. In
the present study, following the conventional approach, we use a power
law to model the variation of halfwidths with temperature:

γ(T) = γ(T0)
(
T0
T

)N

, (8)

where T0 = 296 K and N is the temperature exponent.
For CH3CN, only onemeasurement of the temperature dependence of

an N2-broadened halfwidth has been reported, limited to the qR(11,3)
and qR(12,3) transitions in the pure rotational band [1]. For these lines,
extensive measurements were performed over a range of temperatures
from 235 K to 350 K and the temperature exponent N = 0.718 was
derived.
In Fig. 13, we present samples of the theoretical calculations for N2-

broadened halfwidths at T = 250, 280, 310, and 340 K for the qR(j,3)
lines. An additional sample at T = 296 K can be found in Fig. 4(d).
Based on these theoretical results, we derived the temperature

exponent N by applying a least square procedure to fit Eq. (8). The re-
sults are presented in Fig. 14. The N values obtained from the three
methods show only slight differences. However, as illustrated in Fig. 14,
the calculated N values vary significantly depending on the line of in-
terest. For the qR(11,3) and qR(12,3) lines, our corresponding N values
derived from the RRB with LM method are 0.752 and 0,727, respec-
tively, which are closer to Colmont’s measured value of 0.718. It is

Fig. 10. The same as Fig. 9 except for the qQ(j,k) branch.
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Fig. 11. Calculated N2-, O2-, and air-broadened halfwidths of the CH3CN lines in the qR(j,k) branch for k values ranging from 0 to 19 and j values from k to 46 using
the RRB with LM method. These values are represented green, black and red lines, respectively. Additionally, the air-broadened halfwidths listed in HITRAN 2008 are
presented by Δ.
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Fig. 12. The same as Fig. 11 except for the qQ(j,k) lines and k values range from 1 to 10.
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noteworthy that their experimental N2-broadened halfwidths for both
these lines at T = 296 K are 160.9 (in the units of 10–3 cm-1atm-1),
compared to Rinsland’s measured values of 162.5 and 162.3, as well as
our theoretical values of 167.9 and 166.4 for these two lines.
At this stage, we would like to point out that even when using “a

rather low value of the quadruple moment of N2”, the theoretically
calculated halfwidths derived from the RB formalism by Colmont et al.
are 176.7, which is much larger than their measured values. This
discrepancy is why they claimed that the RB method is not applicable to
the CH3CN–N2 system, which involves a strong dipole and quadruple

interaction.
During the development of HITRAN 2008, due to the lack of mea-

surements for the temperature dependence of the air-broadened half-
width and the availability of measured N values only for two N2-
broadened CH3CN lines [1] indicated in Fig. 14, the default N for all
lines was set to 0.72. We believe that accurately modeling the temper-
ature dependence of halfwidths will require incorporating the line
dependence of N into the HITRAN database. In the absence of experi-
mental values, our current results could serve as a useful alternative.
For a detailed discussion on the physical origin of this rotational

Fig. 13. The halfwidths of the qR(j,3) lines for T = 250, 280, 310, 340 K are presented in four plots, labeled (a) through (d), respectively. These values are obtained
through the application of the MRB (green dotted dash), RRB (black dashed), and RRB with LM (red solid) methods.

Fig. 14. Values of the temperature exponent N obtained from the three models: MRB (black), RRB (green), and RRB with LM (red) are shown. The N value listed in
HITRAN 2008 (N = 0.72) is represented by a blue line. Additionally, two measured N values (both 0.718) for the qR(11,3) and qR(12,3) lines, as reported by Colmont
et al. [1], are indicated by magenta crosses (×).
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dependence, the reader is referred to [13] and [25]. Finally, it is worth
noting that the j dependence of our calculatedN values is quite similar to
those predicted by Dudaryonok et al. using their semi-empirical method
within the same temperature range [2].

4. Conclusions

The present study is part of a series of works focused on the N2-
broadened halfwidths of CH3X-species. Our study comprises three
branches, encompassing a wide range of j and k quantum numbers.
Similar to our previous studies, we have demonstrated that the isolated
line approximation significantly limits the validity of the RB and MRB
models. Specifically, when compared to experimental measurements,
the calculated halfwidths using RB and MRB are significantly over-
estimated, indicating the need for a reduction. In our viewpoint, the
shortcomings of RB and MRB stem from the disregard of the effects from
LC and LM, which are incorrectly excluded due to the application of the
isolated approximation. By considering the effect from LC, the RRB
method leads to the first reduction in the calculated halfwidths, but they
still remain overestimated. Subsequently, by using the RRB with LM
method to consider both the effects from both LC and LM, the calculated
halfwidths undergo the second reduction. We then compared our
calculated halfwidths in the qR and qP branches derived from the RRB
with LM method against the measurements of N2-broadened halfwidths
by Rinsland et al. Without any adjustments to the potential parameters,
the agreement between our theoretical predictions show very good
agreement with the experimental data.
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