RESEARCH ARTICLE | NOVEMBER 03 2022

Ab initio quantum scattering calculations for the CO-0O,
system and a new CO-0, potential energy surface: O, and air
broadening of the R(0) line in CO

Adam Zadrozny & © ; Hubert J6zwiak  ; Ernesto Quintas-Sanchez ' ; Richard Dawes © ; Piotr Wcisto

’ '.) Check for updates ‘

J. Chem. Phys. 157, 174310 (2022)
https://doi.org/10.1063/5.0115654

) CHORUS

@ B

View Export
Online  Citation

Chemical Physics

[T,
®
©
-
.
=
O
ﬂ
Q
e
-

Articles You May Be Interested In

Ab initio quantum scattering calculations and a new potential energy surface for the HCI(X'Z*)-0,( X3 = g
- ) system: Collision-induced line shape parameters for O,-perturbed R(0) 0-0 line in H35CI

J. Chem. Phys. (October 2023)

Fully quantum calculations of O,—N, scattering using a new potential energy surface: Collisional
perturbations of the oxygen 118 GHz fine structure line

J. Chem. Phys. (September 2021)

Ab initio investigation of the CO-N, quantum scattering: The collisional perturbation of the pure rotational
R(0) line in CO

J. Chem. Phys. (February 2021)

AIP Advances

Why Publish With Us?

21DAYS ", ' OVER4 MILLION & NCLUSIVE
average time views in the last year scope
to 1st decision |

AlP
Learn More f/.f.'.‘. Publishing

6€:1G:C1 920¢C YdIelN 60


https://pubs.aip.org/aip/jcp/article/157/17/174310/2842198/Ab-initio-quantum-scattering-calculations-for-the
https://pubs.aip.org/aip/jcp/article/157/17/174310/2842198/Ab-initio-quantum-scattering-calculations-for-the?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-4329-0485
javascript:;
https://orcid.org/0000-0001-6503-674X
javascript:;
https://orcid.org/0000-0002-4378-8745
javascript:;
https://orcid.org/0000-0002-2493-4671
javascript:;
https://orcid.org/0000-0001-7909-4473
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0115654&domain=pdf&date_stamp=2022-11-03
https://doi.org/10.1063/5.0115654
https://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/5.0115654/18041400/174310_1_5.0115654.am.pdf
https://pubs.aip.org/aip/jcp/article/159/13/134301/2913899/Ab-initio-quantum-scattering-calculations-and-a
https://pubs.aip.org/aip/jcp/article/155/12/124307/200793/Fully-quantum-calculations-of-O2-N2-scattering
https://pubs.aip.org/aip/jcp/article/154/5/054314/562719/Ab-initio-investigation-of-the-CO-N2-quantum
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3470636&setID=1044501&channelID=0&CID=1678023&banID=524321803&PID=0&textadID=0&tc=1&rnd=1837896783&scheduleID=3650749&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&mt=1773060699770510&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0115654%2F18041399%2F174310_1_5.0115654.pdf&request_uuid=267423c9-1d1b-4834-969d-bf4868a8e7f4&hc=cb13c7381a559adcce9a4549ba3a8fd5e6ca0896&location=

The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

Ab initio quantum scattering calculations
for the CO-O, system and a nhew CO-0O,
potential energy surface: O, and air broadening

of the R(0) line in CO

Cite as: J. Chem. Phys. 157, 174310 (2022); doi: 10.1063/5.0115654
Submitted: 27 July 2022 « Accepted: 28 September 2022 -

Published Online: 3 November 2022 - Publisher Error Corrected: 18 November 2022

Adam Zadrozny,"* "= Hubert J6zwiak,’

and Piotr Wcisto'”

Ernesto Quintas-Sanchez,’

Richard Dawes,*

AFFILIATIONS

TInstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Torun,

Grudzigdzka 5, 87-100 Torun, Poland

2Department of Chemistry, Missouri University of Science and Technology, Rolla, Missouri 65409-0010, USA

2 Author to whom correspondence should be addressed: zadroznyadam@protonmail.com

PIElectronic mail: piotr.wcislo@umk.pl

ABSTRACT

We present ab initio calculations of the collisional broadening of the R(0) pure rotational line in CO (at 115 GHz) perturbed by O>.
Our calculations are done in a fully quantum way by solving close-coupling quantum-scattering equations without any approximations.
We also report a new, highly accurate CO-O; potential energy surface on which we did the quantum-scattering calculations. The cal-
culated collisional broadening agrees with the available experimental data in a wide temperature range. The calculated collisional shift
is negligible compared to the broadening, which is also consistent with the experimental data. We combine this result with our previ-
ous calculations for the same line in CO perturbed by N, [Jézwiak et al, J. Chem. Phys. 154, 054314 (2021)]; the obtained air-perturbed
broadening of the R(0) pure rotational line in CO and its temperature dependence perfectly agree with the HITRAN database. This
result constitutes an important step toward developing a methodology for providing accurate ab initio reference data on spectroscopic
collisional line-shape parameters for molecular systems relevant to the Earth’s atmosphere and for populating spectroscopic line-by-line

databases.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0115654

I. INTRODUCTION

Carbon monoxide is one of the important trace gases used in
the study of air quality and climate forcing.! While CO itself is not a
greenhouse gas, it affects ozone and methane concentrations, thus
contributing to climate change.M Remote sensing measurements
of CO can also be used to monitor air quality and emissions from
burning fossil fuels.” ® The oxygen molecule, Oy, is the second most
abundant species in the Earth’s atmosphere, constituting 21% of dry
air. Thus, collisions with O significantly affect the lineshapes of the
less abundant absorbing compounds.

The first ab initio investigation of the interaction energy in
the CO-O, system was performed by Grein,” who studied several

geometries of the complex using the explicitly-correlated coupled-
cluster method, CCSD(T)-F12, with single, double, and perturbative
triple excitations. Tashakor et al.® calculated the potential energy
surface (PES) of the CO-O, system with the CCSD(T) method
with aug-cc-pVDZ and aug-cc-pVTZ basis sets extrapolated to the
complete basis set limit (CBS). The authors considered 1260 geome-
tries of the complex, keeping the angle between the intermolecular
axis and the bond axis of the O, molecule fixed at 90° and 180°.
Recently, some of the authors calculated a high-level ab initio four-
dimensional (4D) PES for the CO-0O; system,” which was used for
the analysis of the infrared spectrum of the complex.

The experimental investigation of the collisional broadening of
the pure rotational transitions in CO has a long history. In 1986,
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measurements of CO, N, O, and air broadening of the R(0) line
were published by Connor and Radford"’ and by Colmont and
Monnanteuil.'! In a later work, Nissen ef al.'” employed time and
frequency domain techniques to study the broadening of the same
line by CO, N3, O and noble gases. Other papers focused on the
foreign-gas broadening of the lines R(1)," R(2),""" and R(4).1¢
A comparison of different line-shape models for the R(0) through
R(4) pure rotational lines of *CO and *CO at room temperature
can be found in the work of Puzzarini et al.'” The only theoreti-
cal investigation of line-shape parameters in the O,-perturbed pure
rotational lines of CO was mentioned in Ref. 18. It was done for
the R(4) line by Botanic, who, in unpublished work, used the semi-
classical Robert-Bonamy formalism'? and a simplified model of the
interaction energy of the colliding pair based on the Lennard-Jones
potential.

In this paper, we report a new highly accurate ab initio CO-0,
PES (available in the supplementary material). We use it to calcu-
late the line-shape of the pure rotational R(0) line in CO perturbed
by O,, using an exact close-coupling approach. We find that it is
dominated by pressure broadening, with negligible collisional shift.
Hence, we focus on the pressure broadening coefficient and its tem-
perature dependence. The results are consistent with experimental
data in the literature."’” Finally, combining this result with a pre-
vious ab initio calculation of the broadening of the same line by
N,?? allows us to determine the temperature dependence of the air-
perturbed broadening of the R(0) line in CO, which agrees with the
HITRAN database.”’

This paper is organized as follows: In Sec. II, we introduce the
potential energy surface and briefly describe the method of decom-
posing it into angular and radial terms. In Sec. I1I, we discuss the
scattering calculations and analyze the generalized spectroscopic
cross sections we obtained. In Sec. IV, we describe the calcula-
tion of the pressure broadening coefficient, and then, in Sec. V,
we compare the calculated O;-broadening with experimental data.
We also compare the combined O, and N, broadening with the
air-broadening coefficient from the HITRAN database. Finally, in
Sec. VI, we summarize our results and put them in their broader
context.

Il. POTENTIAL ENERGY SURFACE

In the scattering calculations whose description follows, we
use a 4D PES depending on the inter-molecular distance, R, the
angles 61 and 0, between the inter-molecular axis and the axes of
the molecules, and the relative dihedral angle between molecules
(Fig. 1). Notice that for 8; = 0°, the CO molecule aligns with the C
atom pointing to the center-of-mass of the O, molecule.

For construction of the PES, both monomers were held
rigid at their equilibrium bond distances (1.12821 A for CO,
and 1.20752 A for O,). The final high-level PES was computed
using explicitly-correlated unrestricted coupled-cluster theory,
UCCSD(T),* extrapolated to the complete basis limit, UCCSD(T)-
F12/CBS. The basis extrapolation was performed using the VIZ-F12
and VQZ-F12 bases” and the I® formula.”’ In our experience
with dimer complexes composed of a few light atoms, the binding
energy and relative energies of vdW isomers are typically converged
to within 1-2 ¢cm™ with this procedure, which does not employ
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FIG. 1. Schematic representation of the CO-O, system in Jacobi coordinates.

counterpoise corrections or mid-bond functions. We have pre-
viously studied the effects of basis set convergence and core-
correlation on the isomers of this system and also studied the
rovibrational levels in comparison with experiments.”*” Those pre-
vious studies support the accuracy of our new PES. All ab initio
calculations were performed using the Molpro electronic struc-
ture code package.’® Stable convergence to the restricted open-shell
Hartree—-Fock (roHF) reference was achieved by first using Molpro’s
complete active space self-consistent field (CASSCF) (multi) algo-
rithm with the occupation of the desired configuration specified, fol-
lowed by a single iteration of the roHF SCF algorithm to prepare the
orbitals for the UCCSD(T)-F12b procedure. As mentioned below,
to avoid placing expensive high-level data in energetically inac-
cessible regions, a lower-level guide surface was first constructed.
This was done using data at the UCCSD(T)-F12a/VDZ-F12 level of
theory. The guide surface is only used to aid in the efficient con-
struction of the high-level PES, on which all evaluations used to
study the dynamics were performed. Exploiting the system’s sym-
metry, energies were only computed in the reduced angular range:
0° < 6; < 180°,0° < 6, < 90°,and 0° < ¢ < 180°.

As we have done in the past for other vdW linear dimers,”’
an analytical representation of the PES was constructed using an
automated interpolating moving least squares (IMLS) methodology,
freely available as a software package under the name AUTOSURF.*”
As usual,””” a local fit was expanded around each data point, and
the final potential was obtained as the normalized weighted sum
of the local fits. The fitting basis and other aspects of the proce-
dure were the same as for other previous systems and have been
described in detail elsewhere.””””" The shortest intermonomer
center-of-mass distance considered is R = 2.3 A, and the ab initio
data coverage in the fitted PES extends to R = 20.0 A, while the zero
of energy is set at infinite center-of-mass separation between the
monomers. To represent the long range (out to arbitrary distances),
the PES switches smoothly to an analytic expression represent-
ing electrostatic and dispersion interactions between the fragments
(both truncated after seventh order). The parameters were obtained
by fitting them to the ab initio data with R > 8.0 A. Induction was
neglected as the fitted parameters were small and did not improve
the fit. For the high-level PES, 2936 symmetry-unique points were
required to achieve an estimated root-mean-squared fitting error of
0.04 cm™" for energies below the asymptote. To guide the placement
of high-level data, a lower-level guide surface was constructed using

34
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1434 symmetry-unique points, distributed using a Sobol sequence®” TABLE 1. Geometric parameters and potential energy for equilibrium structures as
biased to sample the short-range region more densely. shown in Fig. 2. Units are A, degrees, and cm™".
Figure 2 shows a 2D representation of the PES (denoted

R-optimized) as a function of the angles 6; and 6, for planar GM LM1 LM2
(¢ = 0°) and crossed (¢ = 90°) configurations. The plot describes the R 3.459 3.820 3.450
complete ranges of 8 and 0, relaxing the intermonomer distance 0, 104.8 61.7 88.6
coordinate R for each pair of angles. As can be seen in the figure, 0, 101.1 56.3 90.0

¢

\Y%

three stable isomers exist. The global minimum (GM) has a well 0.0 0.0 90.0
-120.7 -112.1 -117.3

180
150 depth of 120.7 cm™ and corresponds to a planar (¢ = 0°) slipped
parallel configuration with the O-atom of CO oriented toward the
O, molecule. For the GM, 6; and 6, are close to 100°. A second pla-
—_ 120 | nar local minimum exists (LM1), with a well depth of 112.1 cm ™' and
41 also a slipped parallel structure, but with the C-atom of CO oriented
a toward the O, molecule. In LM1, the twist is more pronounced, with
3 %0 both angles found near 60°. Finally, a third minimum (LM2) corre-
~ sponds to a non-planar nearly cross-shaped structure, with the CO
™ fragment tipped very slightly (6; = 88.6°) so that the C-atom is closer
60 to the O, fragment. The geometric parameters of the three minima
in the PES are given in Table I.
Figure 3 shows the potential as a function of R upon approach
3 for different fixed angular configurations, including those corre-
sponding to the three minima of the PES. The variation in those
cuts gives some indication of the anisotropy of the interactions.
The strength and anisotropy of the PES describing the interac-
e tion between collision partners govern the scattering dynamics and,
hence, the derived line shape parameters.
180 To use the PES in scattering calculations, one needs to sep-
arate the radial and angular dependence, which can be achieved
150
|‘ ol TR
LM1 ——
i 120 50 LM2 ——
o | 6, =0%6,=0%¢p=0° ——
] | 8, =0%8, =90% ¢ = 0°
7 ‘ 6, = 45°; 6;= 45°; ¢ = 45°
@ 90 8, = 45% 0, = 90°; ¢ = 45°
) |
-
o~ ~ 0f
S . )
60 g
&
-
-50
30
| &
0 i I L Mo I -100
60 90 120 150 180
91 (degrees) 3 4 5 6 7 8
FIG. 2. R-optimized contour plots of the PES as a function of the angles 6; and R (A)

0,, with the torsion fixed at ¢ = 0° (upper panel) and ¢ = 90° (lower panel). For
each pair of angles, the energy (given in cm=") is optimized with respect to the
center-of-mass distance R.

FIG. 3. Radial cuts through the PES are shown for a series of fixed angular poses,
including those corresponding to the stationary points highlighted in Fig. 2.
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FIG. 4. Comparison between the PES radial terms for CO-O, and CO-N, systems
(solid and dashed lines, respectively). As can be observed, they generally have a
similar shape but with the CO-O, PES being somewhat deeper and the repulsive

wall at a closer distance. Note that the radial terms are shown divided by a factor
of 8772/ (2! + 1) compared to Eq. (3).

by expanding the potential over bispherical harmonics, which are
given by*’

21+1
I1,1(61,6,6) =1/ 4; S (hmb —m|l L 10)

X Y (015 01) Yi—n (02, 62), (1)

where Y;,, (6;,¢i) denotes the usual spherical harmonic for each of
the molecules, and (Iym L, — m|l1 1 0) is the Clebsch-Gordan coef-
ficient. The quantum numbers /1, , and [ can take non-negative
integer values, while /, must also be even, given the symmetry of the
O, molecule. They must also satisfy the triangle condition and must
sum to an even integer.

Given the bispherical harmonics, the potential can be
written as

V(R,01,02,¢) = > Ayii(R)],1,1(61, 02, ), (2)
I

where the radial terms, A;,;,;(R), can be obtained by integration,

J
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BT s [ singde, [ sin6ad6
2041 Jo ¢fo S 1/0 S P24
x V(R, 61,62, ¢)1;,1,1(61, 02, $). 3)

ApLi(R) =

The factor 87%/(2]+1) comes up because of the normaliza-
tion of the bispherical harmonics; see Ref. 41 for further discussion.
The radial terms were calculated for all possible values of (I1,1,1)
up to (10,8,18) on a uniform grid of 916 values of R between 4.25
ap and 50 ao. The integration over 8, and 6, was performed using
the 22-point Gauss-Legendre quadrature and integration over ¢
using the 21-point Simpson rule. Figure 4 shows a comparison of
the CO-0; radial terms with terms obtained in this work with the
corresponding terms for CO-Nj calculated in Ref. 20.

Ill. SCATTERING CALCULATIONS

The theory underlying quantum-mechanical scattering calcu-
lations for two rigid diatomic molecules is well developed. "’
The radial terms described in Sec. II [Eq. (3)] are used to solve the
close-coupling equations’ for the radial wavefunction, F]Jl pint (R)>

d2 L(L+1) I .;./.izL/
(7 - + k2 FillljzjlzL(R) = 2# Z Vi ) (R)

2 2 Jrjaj2L
dr: R it
J
Xy e (R), )

where L denotes the angular momentum of the relative motion of
the molecules and y is the reduced mass of the system. The angu-
lar momenta are coupled such that j,, = j, +j, and J = j,, + L. The
squared wave vector, k* = 2 u(E - Ej, — Ej,), describes the kinetic
collisional energy. E is the kinetic energy, and E;, and Ej, the rota-
tional energies of the CO and O, molecules, respectively. V]]UJ2 ;Jl’j ut
is the coupling matrix element obtained by integrating the poten-
tial over all coordinates except R, which is conveniently achieved*’
using the radial term expansion [Eq. (3)]. The coupling is indepen-
dent of projection M and occurs only between states of the same
J and the same parity," defined as (~1)"*"*2*L, By matching the
asymptotic behaviour of the radial wavefunction to the boundary
condition, one can obtain the scattering matrix elements, which are
then used to calculate the generalized spectroscopic cross sections,
ad, with g signifying the tensor rank of radiation-matter interaction.
The generalized spectroscopic cross section in the case of
diatom-diatom scattering can be written as follows:"*"*

. . . 7’[ L— I_' 7! n _.! .x_-l _ I_’ T’
Ug(]b]f)]Z,Ekin) _ ﬁz Z Z Z lL L'—L+L (_l)Jz Jp+ji—jj+L—L"=L+L

Jy LLLL Tjad i, )z,

x DU WL V]l Gre] o)

. ./ T 7!
Ji2 J12 L L
= =/ I - - -
x J12 L Ji2 L (6jrjff2f12]12LLJ,{jf’j£j;zj;z
qg J J 0

L L o\t L o)\|q j. jllqa juo jo
oo oJ\o o oflps i |l Ji i
vir = (e LIS il VW pae LIS \J'}J'%zi’>)> ®)
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where [x]=2x+1 and 6, ... .0,y. The quantities
(---), {+--} and [- - -] are Wigner 3-j, 6-j and 12-j symbols, respec-
tively.’® The active molecule is the one undergoing a transition; its
initial and final rotational levels are denoted by j; and j . For the R(0)
line considered in this paper, j; = 0 and j = 1. The perturber’s rota-
tional levels are denoted as j,. The tensor order of radiation-matter
interaction is given by g. In the case of the electric dipole transition,
considered in this work, g = 1.

We use a newly developed Fortran quantum-scattering code,
BIGOS," to carry out the calculations. BIGOS propagates the solu-
tions using a renormalized Numerov Algorithm.*® The propagation
was carried out on an evenly-spaced grid of 916 values between 4.5 ag
and 50.0 ao with 15 steps per half de Broglie wavelength for various
energies up to 200 cm™,

The criterion for determining the maximum value of J needed
for convergence, /..., was that the largest partial elastic and inelastic
state-to-state cross sections for four consecutive values of J con-
tributed less than 107> A% The final values of ], used in the
scattering calculations started from ., = 100 for Ey, < 30 cm},
reaching J... = 150 at about 70 em™', and J,,, = 210 at 200 cm ™.

The energy basis was fixed and consisted of 36 energy levels, as
shown in Table II. The same basis was used for all the calculations.
The choice is based on our tests, which showed that convergence of
the cross sections required many closed channels for energies below
25 cm™!, while the cross sections for energies above 100 cm™ the
stated basis was enough to reach convergence of the cross sections
below 1% with respect to a fully converged basis. The amount of
memory and time required for the calculations grows considerably
with basis size. Thus, in order to be able to perform the calcula-
tions for energies necessary to probe the regime where the cross
sections follow a simple power law, we use an effectively truncated
basis for energies above 130 cm™', trading computation time for
accuracy.

The energy basis described above allows for the calculation of
scattering cross sections for the first four rotational states of the per-
turbing molecule, O, that is, j, = 1,3,5,7. We found the imaginary

Z = 8aa' .-

TABLE II. Energy levels (in cm~") used in the calculations of generalized spectro-
scopic cross sections. Each entry in the table corresponds to the sum E;, + E;, of
CO and O, rotational energy levels. Due to the symmetry of the O, molecule, only
the levels with an odd rotational quantum number are possible. The energy levels for
the CO molecule were taken from the HITRAN database,?! while the O, levels were
calculated from the effective Hamiltonian.*®

I

i 1 3 5 7

0 2.88 17.26 43.14 80.51
1 6.72 21.10 46.98 84.36
2 14.41 28.79 54,67 92.05
3 25.95 40.32 66.21 103.58
4 4132 55.70 81.58 118.96
5 60.55 74.93 100.81 138.18
6 83.61 98.00 123.87 161.25
7 110.52 124.90 150.78 188.16
8 141.27 155.66 181.53 218.90
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FIG. 5. Pressure broadening cross sections, Re og, for the first four rotational
levels of the perturber as a function of relative kinetic energy.

part of 6} to be two orders of magnitude smaller than the real part.
Considering this and the fact that no significant pressure shift for the
O;-perturbed CO lines has been detected in any experiments,m’ll
we will present only the results for the broadening cross sections
(Reay). Figure 5 shows the dependence of Reoy on collisional
kinetic energy. It can be seen that pressure broadening cross sections
become approximately independent of the perturber’s rotational
state at high energies. Similar behavior has been observed for other
systems, such as No-Hj,” N3-N,,”! CO-N,*’ and 0,-N,.*> We
use this observation to extrapolate Re oy for higher rotational levels,
assuming Re a (Exin;j2) = Re 00 (Exin; 7).

Resonant structures can be seen for the pressure broadening
cross section at j, = 1 at kinetic energies below about 70 cm™'. No
significant resonances were observed for other j, values. The reso-
nances die out before reaching the regime of most probable energies
(see Fig. 6), which justifies neglecting their impact on the pressure
broadening [Egs. (7) and (10)]; see also the discussion in Chap. VI
of Ref. 20.

In order to extrapolate Re gy to higher kinetic energies, we use
another observation. For each rotational energy level, starting from

2x102 o ———
j2=1 ——
j2=7 ——
)
N
& 1%x102 | .
6x10' e :
10! 102 103

Exin (cm™)

FIG. 6. Ab initio pressure broadening cross sections together with power-law fits.
Maxwell-Boltzmann distribution (in arbitrary units) at 296 K added for reference.
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TABLE IIl. Coefficients of the power-law fit and corresponding cutoff energies E o
for different rotational levels of the perturber. The values in parentheses correspond
to standard deviations.

jz A (Cm_l) b Ecutoft (Cm_l)
1 113.16(5) 0.270(1) 90
3 111.72(6) 0.253(2) 65
5 111.57(4) 0.241(1) 45
7 112.28(9) 0.245(2) 45

a certain cutoff energy, the pressure broadening cross section energy
dependence is linear on a log-log plot, meaning it follows a power
law relationship. We perform a numerical fit,

1 E \*

o (Ew) =4( ) - ©)
Exin

taking the reference energy Eo = 100 cm™'. The fit coefficients, A

and b, along with corresponding cutoff energies are presented in

Table I11. Figure 6 presents the power law fits for chosen rotational

levels.

Based on the above observations, we apply the following pro-
cedure to obtain Re oy values for arbitrary j, and Eyj, needed for
line-shape integrals (see Sec. I'V): below cutoff energies, we take the
ab initio values, and above the cutoffs the extrapolated values are
used, substituting j, = 7 for rotational levels with j, > 7.

IV. LINE-SHAPE PARAMETERS

The broadening and shift line-shape parameters, y and 4§, are
related to their pressure-dependent counterparts by I = yp and
A = &p. The speed-averaged pressure broadening coefficient, y,, at a
given temperature, T, can be obtained directly from the generalized
spectroscopic cross sections,’”

Yo = Re/ dxe” Uo(]z,]f j2,%), (7)

2mc k T
where j; and j, denote the initial and final states of the active
molecule. For the R(0) line considered in this paper, j, = 0 and j ; = 1.

x = Eyin/kgT and 0, = \/8kpT [y denotes the mean relative speed of
the molecules with reduced mass y. The factor 1/(27c), where c is the
speed of light, is responsible for the conversion from units of angu-
lar frequency to wave numbers. The weights p;, correspond to the
populations of the rotational levels j, of the perturbing molecule at a
given temperature and can be expressed as

p- e B) W

Z(T)

where Ej, denotes the energy of the j, th rotational level and Z(T) is
the partition function,

Z(T) = Z(ij +1) exp(—

J2

or) ©

In all the calculations, we carried out the summations up to
j, =39, covering more than 99.9% of the population of the
perturber’s rotational states at room temperature.
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FIG. 7. Ab initio speed dependence of pressure broadening y(wv) (solid black line)
and speed-averaged coefficient, y, (dashed line) at 296 K. The gray curve rep-
resents the Maxwell-Boltzmann distribution of speeds of the active molecule (in
arbitrary units).

To obtain the dependence of the pressure broadening coeffi-
cient on the active molecule speed, v, one can use the following
formula:>

y()iﬁk,TT\/_vvzph f dv, vy

’UZ+’U3

xe smh( )00 Gisjig> 2 )5 (10)
P

where v, denotes the relative speed of the monomers and

vp = \/2ksT/my is the most probable speed of the perturber and the

generalized spectroscopic cross section a; (ji, jf, o, vr) is defined in

Eq. (5).

Figure 7 shows the comparison of y, and y(v) at 296 K
calculated using Eqgs. (7) and (10), along with the corresponding
Maxwell-Boltzmann distribution.

The speed dependence of a pressure broadening coefficient
manifests itself in the effective width of the spectral line being nar-
rower than predicted by y,. For each velocity, the line will have a
Lorentz profile; therefore, to find the effective width one needs to
average over the Maxwell distribution f,,(¥), obtaining a weighted
sum of Lorentz profiles (WSLP),

Tvsip(v—4) = %fomd%f,ﬂ(ﬁ)%)z(—?v)_%)z, (11)

where v} denotes line position, including the speed-dependent pres-
sure shift, which we disregard, taking v = vo. Fitting a single Lorentz
profile to the resultant WSLP yields the effective width, which can be
compared with experimental data.'’""”

V. COMPARISON WITH EXPERIMENTAL DATA

We calculate pressure broadening coefficients for a range of
temperatures between 200 and 320 K and fit them to an empirical
power law,

H(1) =yt (2 12

with T being a reference temperature, in our case 296 K.
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FIG. 8. Comparison between ab initio and experimental temperature dependence
of pressure broadening. References to experimental papers are given in Table |V.

Figure 8 shows a comparison between the temperature depen-
dence of ab initio pressure broadening and available experimental
data. The fit parameters are shown in Table IV. Our results agree
with the experimental data, especially after including the speed
dependence through the WSLP model. The shaded region corre-
sponds to an estimated total uncertainty of 2.5% of the final result,
which includes the contributions from a number of different sources
described below.

The dominant uncertainty in our calculations comes from the
choice of computational basis size. Increasing its size from 36 (with
Jimax = 8 and j, . =7) to 50 levels (j,, . =9 andj, =9) could
change the broadening cross sections by up to 1.7%. Another factor
influencing the results comes from the extrapolation of the kinetic
energy dependence of Reay. In the final calculations, we use the
cutoffs stated in Table III, taking ab initio points below the cut-
offs and using the fit function above them. To estimate the effect
of their choice on the final results, we varied them in the range of
+20 cm™". The results obtained that way differed by up to 0.6%. The
final contribution to the uncertainty of the calculations comes from
the choice of parameters of the propagator used to solve the close
coupling equations (Rmin, Rmax, and step size). The starting point of
the propagation, Rmin, should be set deep in the classically forbidden
region, where interaction is strongly repulsive, while at the ending
point, Rmax, the radial terms must vanish, allowing for application
of the boundary conditions. We estimate the influence of Ryin and
Rumax at 0.1% each. To choose the step size (expressed equivalently
as a number of steps per half de Broglie wavelength), we ran sample

TABLE V. Comparison of available experimental power law coefficients [Eq. (12)]
and ab initio values. The quantities in parentheses represent the standard deviation
of the experimental data and the estimated uncertainty of our theoretical results.

Experiment To (K) y(MHz/Torr) n
Nissen et al. (RAD)'? 296 2.83(2) e
Nissen et al. (FTMMW)'? 300 2.80(1) 0.76(2)
Colmont and Monanteuil'! 293 2.65(10) 1.09(13)
Connor and Radford'’ 300 2.64(11) 0.75(10)
This work, y, 296 2.91(7) 0.744(2)
This work, WSLP 296 2.80(7) 0.715(2)
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FIG. 9. Comparison of ab initio air-induced pressure broadening coefficient
(Yeo_air) With HITRAN2020 data.”" **** The y co- o, (from this work) and y co_,
(from Ref. 20) ab initio values from which y.,_,; Was calculated were added for
reference. The shaded region corresponds to an estimated uncertainty of 4.5% of
our result, based on the uncertainties of yco— o, (2.5%) and yco_n, (5%).

calculations with the number of steps varying from 15 to 50. We
found no significant difference in the results, so in the interest of
speed, we chose the number of steps to be 15 in the final calculations.
Taking all the sources of uncertainty described above (basis size,
extrapolation cutoffs, and propagation parameters), we estimate the
total uncertainty of the pressure broadening cross sections at 2.5%.

Combining our results for the O, broadening coefficient of
the R(0) line of CO with analogous calculations for N;-induced
broadening published in Ref. 20, we are able to calculate the air-
broadening coefficient, y.,_,; (see Fig. 9), using the following
relation:

yco- air = 0.79yco-N, + 0.21yco-0,, (13)

where yco-n, and yco-o, are WSLP broadening coefficients. The
values of y.,_,, obtained this way are in excellent agreement
with air-broadened half-widths from the HITRAN2020 database’’
based on the work of Hashemi et al.,>> which found the vibrational
band dependence of the half-widths to be negligible (below 1% on
average, see Fig. 12 in Ref. 53). The cited values are a result of
fitting the measured air-broadening data for several bands simulta-
neously, including measurements for 1-0, 2-0 and 3-0 bands from
Refs. 55-57 and expanding the results for all the air-broadened
transitions of CO.

VI. CONCLUSIONS

In this paper, we presented the first theoretical calculation of
the O-induced pressure broadening of the R(0) spectral line in the
CO molecule. We also reported a new highly accurate CO-O, PES
on which we did the quantum-scattering calculations (the PES is
provided as a supplementary material). We calculated the general-
ized spectroscopic cross sections for the first four rotational levels of
the perturber for energies up to 200 cm™" from the close-coupling
equations without the use of any further dynamical approxima-
tions. This allowed us to obtain the temperature dependence of
the pressure broadening coefficient, which we found to be in good
agreement with experimental data. Furthermore, by combining our
results with the results of a previous study concerning CO-N,, we
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also calculated the temperature dependence of the air-broadening
coefficient, obtaining a very good agreement with HITRAN data.
This work is part of an effort concerning theoretical investigations
of collisional effects on the structure of rotational lines involving
molecules of atmospheric importance.

Apart from collisional broadening and its speed dependence,
ab initio calculations can provide collisional shift (and its speed
dependence), as well as the complex frequency of optical velocity
changing collisions,”” which deteriorate the shape of molecular res-
onances. These quantities are often not large enough to be detected
in the experiment, and thus calculations from first principles might
serve as reference data for future measurements. We note here that
the first two ab initio databases provided in Refs. 58 and 59 for
H,-He and HD-He involve line shape parameters for thousands of
lines, for which measurements of collisional parameters have never
been performed. The work presented here constitutes the first step
toward a similar database for the O;-perturbed lines in the CO
molecule.

SUPPLEMENTARY MATERIAL

The new 4D CO-O; potential energy surface on which
the calculations were performed is available as a supplementary
material.
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