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Highlights
* The R(0) line of CO perturbed by Ar is studied experimentally in a wide pressure range

* Line shape parameters are calculated ab initio using two potential energy surfaces for a
wide temperature range

» Theoretical model reproduces experimental spectra at a sub percent level of uncertainty

* Significance of the line-mixing effect for accurate modeling of spectra is demonstrated
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‘We use three independent spectroscopic techniques, operating in the millimeter-wavelength range,
to study molecule-atom collisions, and validate our quantum-scattering calculations on two recent
potential energy surfaces. We study the first pure rotational transition in a CO molecule perturbed
by Ar. This molecular system is a good prototype of atmospherically relevant cases. It is, on the
one hand, affordable for calculation of the line shape parameters by modern ab initio methods,
and on the other hand, is very convenient for experimental studies because of its regular, well
spaced rotational spectrum having a moderate intensity. We show that the simulated collision-
perturbed spectra, which are based on our fully ab initio calculations, agree with the experimental
line profiles at sub-percent level over a wide range (more than four orders of magnitude) of pressures.
We demonstrate that the agreement between theory and experiment can be further improved if
the model accounts for the collisional transfer of an optical coherence between different rotational
transitions (the line-mixing effect). We show that the two surfaces tested in this work lead to a very
similar agreement with the experiment. Capability of calculating line shape parameters in a broad
range of temperatures is demonstrated.

Keywords: quantum scattering calculations; line-shape parameters; millimeter-wavelength range; BWO-

based spectroscopy; carbon monoxide; wide pressure range

I. INTRODUCTION

One of the major goals of molecular spectroscopy is
the development of a model of radiation propagation,
applicable to the widest possible range of spectral and
thermodynamic conditions. Spectroscopic information
accumulated and regularly updated in devoted databases
and development of more and more sophisticated theo-
retical methods allow modeling of the observed spectra
with a permanently increasing accuracy. In spectral in-
tervals of single lines the experimental data can be re-
produced with relative deviation down to 0.1 % or even
better. However, such a good agreement is achieved, as
a rule, by adjusting the number of line-shape parame-
ters or, in other words, by fitting a theoretical model
to experimental spectra. Moreover, the observed spectra
can be distorted by various apparatus effects, which are
modeled by introducing empirical functions having addi-
tional adjustable parameters. As a result, the parame-
ters of the model retrieved from one experiment may not
provide an agreement with another experimental data at
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the same level of accuracy. Such disagreements, however,
are very small in comparison with cases where the line
shape parameters are obtained by one or another inter-
polation and/or extrapolation method. Modern spectro-
scopic applications, such as, for example, remote sensing
of planetary atmospheres, require parameters for billions
of molecular lines at very different thermodynamic con-
ditions, which is impossible to obtain from experiment.
That is why simplified semi-empirical methods are widely
used for calculating the line-shape parameters. Develop-
ment of semi-empirical methods is complicated by diffi-
culties in accurate representation of molecular collisions,
which is known to be the crucial issue determining the
shape of the observed molecular spectra [1, 2]. Modeling
of a collision requires knowledge of the full-dimensional
intermolecular interaction potential. The ab initio meth-
ods of calculating the potential energy points for a mul-
tiplicity of mutual geometries of colliding molecules and
further representation of the numerically obtained poten-
tial energy surface (PES) in functional form are known.
A fairly good surface can now be produced in a reason-
able time for relatively large molecular systems. However
each particular case is still considered as a distinguished
result. Moreover, even if the potential is known, accu-
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rate calculation of the molecular collision dynamics is a
challenge for modern physics because any two colliding
molecules are, in fact, one multi-particle quantum system
with many internal degrees of freedom.

We believe that one of the most promising approaches
in resolving the problem of molecular collision charac-
terization is the following. It is based on highly accu-
rate interaction potential calculated ab initio by modern
quantum chemical methods. The potential is used for
determining the generalized spectroscopic cross sections
on the basis of ab initio quantum scattering calculations
[3-6]. At the next step, the numerical parameters quan-
tifying various aspects of molecular collisions are derived
from the cross sections. The retrieved parameters are
verified by using them in the best available statistical
model of the collision-perturbed shape of molecular lines
[1, 2, 7-10], which is directly compared with high quality
experimental data.

The success of this approach was recently demon-
strated by the example of the simplest cases correspond-
ing to collisions of Hy with He [11-13], HD with He [14]
and Do with Do [10]. To advance further in this direction,
the approach was recently used for the study of collisions
between the CO molecule and Ar based on the shapes
of two and five rovibrational transitions in the P branch
of the fundamental and second-overtone bands, respec-
tively [15, 16]. The unprecedented subpercent level of
consistency between theory and experiment achieved in
these studies evidences that ab initio calculations can
provide reliable data for spectroscopic databases widely
used by various applications. Note that CO lines are
used in remote sensing as a fire smoke tracer and Ar is
the third most abundant molecule in dry atmosphere.

In this work, we extend the previous studies on CO-Ar
collisions [15, 16] by exploring a different spectral regime
in which other collisional effects can be observed. We
study the collisional perturbation of the shape of the
lowest rotational transition j = 1 <= 0 (R(0) line) in
a CO molecule (colliding with Ar) in its ground vibra-
tional state located in the 3-mm wavelength range. Such
a choice allows us to exclude the influence of vibrational
excitation and neglect centrifugal distortion thus focus-
ing on the analysis of pure collisional effects including the
line mixing, which did not manifest itself in the previous
studies [15, 16]. Another advantage of the selected spec-
tral range is an easily achievable pressure range where the
molecular dipole oscillation dephasing (relatively optical
probe-radiation) due to the Doppler effect is negligible
compared to the collisional dephasing (pure collisional
regime). This allows one to disregard the Dicke nar-
rowing and the correlations between velocity changing
and dephasing collisions, which mask the manifestation
of other collisional effects in the infrared range. We show
that the simulated collision-perturbed spectra agree with
the experimental line profiles at a sub-percent level over
a wide range of pressures.

The regular well-spaced pure rotational spectrum of
the CO molecule is very well studied both experimentally

and theoretically. Line positions are known with sub-
kHz accuracy from Lamb-dip measurements [17]. Pres-
sure broadening, shifting and “wind effect” (speed depen-
dence of collisional relaxation) of the spectrum were ex-
tensively studied [18-23]. The collisional coupling effect
of CO lines perturbed by either Ar or He was explored
only for the fundamental rovibrational band [24-27], the
first [24, 28] and the second [29] overtone band. To the
best of our knowledge, the collisional effects manifesting
themselves in the shape of pure rotational lines of the
CO spectrum were never studied at elevated (near atmo-
spheric) pressures.

For this study, we employ three different, by principle
of operation, spectrometers with complementary abilities
covering a pressure range from about 10 microbars up to
2 bars. This gives us a unique opportunity to release
the quite common problem of systematic instrumental
error if only one experimental setup is used. The broad
pressure range allows continuous tracing of molecular line
shape variation in the collisional regime under conditions
changing from highly rarefied to dense gas.

The paper is organized as follows. Section II provides
a brief description of the experimental setup and spectra
acquisition. Section IIT presents details of the ab initio
quantum-scattering calculations and line shape model-
ing. Comparison of theoretically calculated and experi-
mental profiles is given and discussed in Section IV. The
conclusions are summarized in Section V. As a comple-
mentary work, Appendix A discusses the complex Dicke
parameters and Appendix B provides the pressure broad-
ening, pressure shift, complex Dicke parameters, and line
mixing parameters for the R(0) line of CO in Ar over a
wide range of temperatures.

II. EXPERIMENT

The unified diagram of our three spectrometers is pre-
sented in Fig. 1. All three setups utilize the continuous-
wave, highly stable coherent radiation from a backward-
wave oscillator (BWO) with the phase-locked loop (PLL)
synchronization of the source frequency against the har-
monic of the reference microwave synthesizer (HP8340B
in the video spectrometer and Anritsu MG3692C in the
radio-acoustic and the resonator spectrometers) synchro-
nized with radio-frequency rubidium standard (GPS-
12RG). The radiation power is about 10 mW. The ra-
diation bandwidth is much less than 1 kHz, which allows
neglecting the spectral resolution of the instrument in the
absorption data analysis. More details on the radiation
source and its precision digital frequency control can be
found in [30] and references therein.

We used high-purity gases with natural isotopic com-
position from local suppliers. The declared gas purity
was 99.995% for CO and 99.998% for Ar. Gas temper-
ature in all experiments was maintained near room con-
ditions and continuously monitored by several platinum
sensors with 0.2 K uncertainty. Gas pressure was mea-
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FIG. 1. Block diagram of the spectrometers used for mea-
surements at various pressures. Section (A) shows the video
spectrometer, section (B), the spectrometer with radioacous-
tic detection (RAD), and section (C), the resonator spectrom-
eter.

sured by membrane sensors (MKS Baratron-626B, Infi-
con CDG0250 and Pfeiffer CCR-362) of the correspond-
ing pressure range with declared accuracy of 0.2-0.25 %
of reading.

Particular features of our spectrometers and experi-
mental details are given in the next three subsections.

A. Video spectrometer

The direct absorption video spectrometer [31, 32]
was used for recording spectra at gas pressures of 10—
500 mTorr (Fig. 1A). A beam of the linear-polarized
millimeter-wave radiation formed by a horn antenna and
a 20-cm focal length lens is directed to a stainless steel
tube (2 m long and 11 cm in diameter) with high-density
polyethylene windows serving as a gas cell. The radia-
tion beam after the first pass of the cell is reflected back
by the rooftop mirror (rotating radiation polarization by
90 degrees) and after the second pass is directed to the
detector by a wire grid polarizer. A Schottky diode is
used as a detector. The linear dependence of the detec-
tor output voltage versus radiation power was tested and
calibrated. The radiation power was reduced to ~1 mW
by the second wire grid polarizer in order to minimize
the molecular transition saturation and the correspond-

ing distortion of the absorption profile at low gas pres-
sures. The gas absorption coefficient is determined using
the well known equation derived from the Beer-Lambert-
Bouguer law:

)= () W

where P and P, denote the radiation power at frequency
v detected with and without absorbing gas, respectively
(Po(v) is the baseline), and L. is the absorption path
length. The power recordings can be obtained by scan-
ning the radiation source frequency through the desired
range using radiation amplitude modulation (AM) and
synchronous detection of the signal at the modulation
frequency. The AM technique allows direct retrieval of
the absorption profile by Eq. 1, but requires that the
spectrometer baseline does not change during the mea-
surement cycle. Providing the requested stability is not
an easy task with the more than 4-m long radiation path.
Even a small temperature-related variation of the radia-
tion interference pattern or mean power may significantly
distort the absorption profile. To reduce the baseline im-
pact on the absorption shape, radiation frequency modu-
lation (FM) is employed instead of AM. We use frequency
manipulation or modulation by square wave form with
preset deviation and synchronous detection at modula-
tion frequency. This is achieved by using an arbitrary
function generator (HMF2550) as the reference for the
PLL system of the BWO. The recorded profile in this
case is a difference of two true absorption profiles shifted
up and down from the original one by the deviation fre-
quency (finite difference derivative of the original profile).
The smaller the frequency deviation, the less the baseline
impact on the observed profile. The deviation values used
in this study are less than 1 kHz. Even though for the
final comparison with calculated absorption we selected
the recordings for which the experimental perturbation
of the baseline was the smallest.

B. Radioacoustic detection spectrometer

A spectrometer with radioacoustic detection of absorp-
tion (RAD) [33-36] was used for line profile studies in the
pressure range 0.1-2 Torr (Fig. 1B). Radiation from the
source is directed to the cell (copper tube with a diam-
eter of 2 cm and a length of 10 cm) by a horn antenna.
When molecules in the cell absorb radiation, their colli-
sional relaxation leads to an increase in the temperature
and pressure of the gas. If the amplitude of CW radiation
is modulated by a periodic signal, the absorption causes
respective pressure oscillations, i.e., generates an acous-
tic wave, which is detected by a sensitive microphone
and transformed into an electric signal by the resonance
capacity sensor circuit. This signal is acquired using a
lock-in amplifier referenced by the modulation frequency.
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The acoustic signal S is directly proportional to the
radiation power P, absorbed by the gas:

S & Paps = Py(v) — P(v) = Py(v)(1 — e k) (2)

In this case, Po(v) and P(v) denote the radiation power
at the input and output of a gas cell, respectively. Under
conditions of a low optical depth (L. < 1, which is well
satisfied for the CO line under study) and assuming that
« does not depend on power, the output signal is directly
proportional to the studied gas absorption coefficient and
to the radiation power fed to the cell, S « Pya(v)Le.

According to the principle of operation, the signal
should appear only within the absorption lines and be
absent outside the lines. However, a small baseline is
present in this spectrometer due to the following techni-
cal reason: the absorption of radiation in the elements of
the gas cell (mainly in the windows) leads to their heat-
ing and related secondary (nonradiative) heating of the
gas, producing an additional acoustic signal.

Frequency manipulation with preset deviation (ap-
proximately equal to the half width at half maximum
of the line under study) is employed, which leads to the
reduction of the baseline effect and recording of absorp-
tion in the shape of a finite difference derivative of the
original profile, as was described above in the video spec-
trometer subsection. Relatively small size of the cell and
related radiation paths allow for good thermal and me-
chanical insulation, providing very stable experimental
conditions. Experimental spectra are obtained by aver-
aging of multiple recordings, which allows to reduce the
instrumental noise. Back and forth frequency scanning
around line center is used to minimize the effect of the
instrumental time constant on the line center position.

C. Resonator spectrometer

The most wide-band recordings of the studied line in
the CO—Ar mixture were obtained with a resonator spec-
trometer [37] (Fig. 1C). Two types of BWO were used
as a sources, namely, OB-76 (frequency range 105-148
GHz) and OB-86 (frequency range 105-198 GHz). The
absorption coefficient is retrieved from the change in the
Fabry-Perot resonator Q-factor when it is filled with the
studied gas. A high quality (Q-factor~ 10°%) resonator is
placed inside the vacuum chamber equipped with the ac-
tive temperature control system. The input and output
windows of the chamber are produced from irradiated
bulk polytetrafluoroethylene (PTFE) that has improved
mechanical properties in comparison with the standard
PTFE. The surfaces of the windows are corrugated using
a special profile, which, in a manner similar to infrared
and optical antireflective coatings, provides a low reflec-
tivity of the windows in a wide frequency range [38].

The total pressure of the gas mixture ranged from 772
to 1525 Torr, while the relative fraction of CO varied from
3 to 14 %. The experimental conditions are listed in the
Table I. The CO and Ar densities were calculated from

4

partial pressures using the virial equation of state and the
data on the second virial coefficient [39, 40]. The contri-
bution of the third and subsequent terms of the virial
equation expansion can be neglected under experimental
conditions. Maximal relative difference between the cal-
culated density and the corresponding ideal gas density
was about 0.1 %.

TABLE I. Resonator spectrometer experimental conditions

# Tgas; Pco, PAr, nco, MAr, f;e;lge’ Zi‘{II‘:)O'I‘,
K Torr Torr amg amg GHz 1078 ecm™?
1 297.4 2491 7474 0.03012 0.9038 105-148 0.5
2 296.6 49.82 747.9 0.06041 0.9069 105-148 0.7
3 296.8 74.74 747.5 0.09057 0.9058 105-148 1.6
4 296.4 124.6 7479 0.1512 0.9075 105-198 1.6
5 297.5 124.6 995.2 0.1507 1.2034 105-198 2.5
6 2969 125.3 1120 0.1518 1.3573 105-148 2.2
7 296.7 124.6 1245 0.1511 1.5107 105-148 2.3
8 297.7 124.6 1399 0.1506 1.6896 105-198 4.0

The baseline of the spectrometer, corresponding to the
intrinsic resonator losses, was recorded when the cham-
ber was filled with argon. The pressure of argon was
chosen to provide the resonator optical length similar to
that of the resonator filled with a mixture of CO and Ar
with selected mixing ratio. The baseline was determined
at the frequencies of sequential TEMg, eigenmodes of
the resonator by measuring their widths in the frequency
domain. The interval between adjacent frequencies is
294 MHz. After the baseline recording, the chamber
was evacuated and then filled with the desired amount
of CO and then Ar. The gas mixing inside the chamber
was accelerated by a fan. Reaching of equilibrium den-
sity was controlled by the time dependence of the width
of the resonance mode located near the CO line center
(~115 GHz). As a rule, stable conditions were obtained
in about one hour after the gas inlet when the resonance
curve width reached a constant value within the statisti-
cal uncertainty.

The gas absorption coefficient was calculated from the
formula

4
o= g(Afgas — Afpin), (3)

where Afgqs and Afy, are the resonance curve half
widths at half maximum (HWHM), measured when
the resonator is filled with studied mixture and non-
absorbing gas, respectively.

The statistical uncertainty of the curve HWHM after
averaging over 100 back and forth scans is about 8 Hz,
which corresponds to the uncertainty of the absorption
coefficient 5 - 102 ecm~'. Additional uncertainty in the
measured absorption is caused by parasitic reflections of
radiation in the quasioptical-waveguide system, which
is used for resonator excitation and registration of the
resonance response. The reflection patterns are not ex-
actly identical when the baseline and the studied gas
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spectrum are recorded. Hence, the obtained spectrum
includes some systematic modulation of the resonance
curve width, which depends on the distance between
the quasioptical-waveguide system and the resonator.
The effect is more pronounced the wider are the reso-
nances. To reduce this effect, we averaged several spec-
tra obtained for different positions of the quasioptical-
waveguide system, as was described in detail in [37].

Thereby we obtain several individual spectra and the
averaged spectrum for the desired conditions. An exam-
ple of experimental spectrum (# 1, Table I) obtained by
averaging 4 individual recordings and 50 x multiplied dif-
ferences between the averaged spectrum and individual
recordings are shown in Fig. 2. The scattering of individ-
ual spectra is somewhat larger than the aforementioned
statistical uncertainty and amounts from 1.2-10~% cm™!
at line wings to 1.8:10~® cm ™! near the line centre. How-
ever, the real uncertainty of the averaged spectrum is
sufficiently lower due to reducing the systematic effect
of parasitic reflection of radiation by averaging of the
recordings obtained at different phases of these reflec-
tions. The uncertainty can be estimated from the resid-
ual after fitting the proper model profile to the averaged
spectrum. Before fitting the model to the R(0) line, the
absorption of other CO lines contributing to the experi-
mental spectrum was calculated and subtracted from ex-
perimental spectra (see Section IV for details). If we take
the van Vleck-Weisskopf model updated by inclusion of
the line mixing and speed dependence of collisional re-
laxation (as is discussed in detail in Section IIT) with the
additional smooth pedestal corresponding to the CO-Ar
continuum and fit it to the averaged experimental spec-
trum (Fig. 2), then the standard deviation of residual is
5-107° cm~!. Estimated uncertainties of all experimen-
tal recordings are given in Table I.

o
%

1
'S

Absorption (10'5 cm'l)
f=J
D

100 105 110 115 120 125 130 135 140 145 150
Frequency (GHz)

FIG. 2. Averaged experimental spectrum of a CO-Ar mix-
ture at room temperature for pco = 24.91 Torr and pa, =
747.4 Torr (red line). Blue, green, brown and gray lines are
the 50 x multiplied differences between single records obtained
at different distances between the quasioptical system and the
resonator, and the averaged spectrum. Thick black line is the
50x (Exp.—Fit.) residual for the model given by Eq.(26). All
residuals are shifted up by 0.6 - 107° cm ™" for clarity.

III. AB INITIO QUANTUM-SCATTERING
CALCULATIONS AND PERTURBATION OF
THE SHAPE OF MOLECULAR RESONANCE

A. Quantum scattering calculation

Quantum dynamical calculations were performed on
either the potential energy surface (PES) of Sumiyoshi
and Endo [41] already used by some of us in [15, 16,
42] or a more recent one of Cybulski [16]. These two
three-dimensional PESs, V(r,R,0), where r is the CO
intramolecular distance, R the distance between the CO
centre of mass and the Ar atom, and 6 the angle between
7 and é, were first expanded in the basis of Legendre
polynomials up to the 10th order:

V(r,R.0) = Vi(r, R)PL(cos ). (4)
L

Then the radial coupling terms, Vi (r, R), were aver-
aged over the CO rovibrational wave functions x;(r) in
order to provide the rovibrational potential coefficients:

Viviwj (R) = /000 Xv i (r)Vi(r, R)xvj(r)dr, (5)

where the subscripts v and j designate vibrational and
rotational quantum numbers and vj, v’'j’ are the states
coupled by the PES. The xy;(r) functions were deter-
mined by using the DVR-FBR method (discrete vari-
able representation — finite basis representation) on the
CO potential of Murrell et al. [43] updated by Huxley et
al. [44]. We have checked that the centrifugal distortion
has no effect, as well as vibrational coupling terms, thus
we denote these terms Vi, (R) for Vy, g0,00(R). Scattering
matrix elements relevant for the calculations of general-
ized spectroscopic collisional cross sections were obtained
from close-coupling calculations using the non-reactive
MOLSCAT code [45], or its parallelized version [46], for
kinetic energies’ between 0.1 to 2000 cm~!. Other tech-
nical details regarding the use of MOLSCAT code for the
system under study can be found in [15, 16, 42, 47-52].

B. Generalized Cross sections

Following the generalized Hess method (GHM) [53, 54],
the spectroscopic collisional cross sections are expressed

1 All the energies are expressed in cm ™!, thus E stands for E/hc
with h, the Planck constant, and ¢, the speed of light, in cm/s.
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In Eq. (6), the vibrational quantum number have been
omitted since we consider only the ground vibrational
state. Primes indicate post-collisional values. In Liou-
ville space such a cross section describes the coupling of
a line |if)) (for short) with a line |¢f")). The various
¢ and / relate to the end-over-end rotational energy of
the interacting pair. The close coupling (CC) S-matrix
elements are expressed in the total angular momentum
representation, j, which is conserved during a collision
(e.g., Ji = i+ Z) They are evaluated for different to-
tal energies equal to the relative kinetic energy of the
colliding pair plus the rotational energy. k is the mod-
ulus of the wave vector associated with that collisional
energy, Erin = (hk)?/2u, with p being the reduced mass
of the CO-Ar system. ¢ stands for the tensor order of the
radiation-matter interaction (¢ = 0, 1 and 2 correspond
to isotropic Raman Q lines, electric dipole transitions,
and anisotropic Raman or quadrupolar transitions, re-
spectively). In addition, [X] stands for 2X+1, (: : :)

refers to the 3-j symbol and [ , to the 12-j symbol of

the second kind [55]. Finally, A is the rank of the velocity
tensor.

It has been recognized [5, 53, 54, 56, 57] that for A
= 0, such a GHM cross section reduces to the standard
spectroscopic cross section [58, 59] as derived from the
impact approximation and leading to the so-called re-
laxation matrix in the line space [60]. Therefore, the
real and imaginary parts of these diagonal cross sections
provide the collisional half-widths and shifts, while off-
diagonal terms provide the usual line coupling terms.

Since the considered line lies in the millimeter-wave
range we have to take into account both the couplings
with the neighboring R lines and their "mirror” lines
located at negative frequencies. The latter correspond
to the ”anti-resonant” contribution of the familiar VVW
profile. A R(j) line involves a Aj=+1 optical transition
while its mirror component involves a Aj = -1 transition
[58], thus, we will denote it P(j+41). For later use we also

remind the reader of the following relation :

il [77]
73] i)

1/2
08" (313, 3id g3 Erin)

(7
that can be derived from Eq. (6) and the unitarity of the
S-matrix. This relation, valid for pure rotational lines,
implies [58] in particular that the collisional width of a
R(j) line equals the width of the P(j+1) line, and that
the shifts of these lines are just the opposite.

The second kind of generalized Hess cross sections, tied
to A = 1, has recently been discussed in the literature [6,
11, 14, 61]. Since the orientation and magnitude of the
velocity may change in the course of a dephasing collision,
this cross section is associated with the diffusion of the
polarization of the spectral transition. Therefore, there
is a first correlation between the velocity changing and
dephasing collisions. This correlation appears naturally
in Hess [3] theory.

o (s dpdis Brin) =

C. Off-diagonal relaxation matrix elements

The standard off-diagonal cross sections merit to be
separately discussed, since we used different methods
in order to determine them. Since we are only inter-
ested in the R(0) line at low or moderate pressures, it is
fortunately not useful to calculate a full relaxation ma-
trix [60]. Due to their high computational cost, we have
only calculated the CC o}(R(j = 0 — 5);R(0);Exin) and
o3 (P(j = 1—4);R(0); Ekin) cross sections for kinetic ener-
gies between 0.1 and 2000 cm~!. To complete (for j > 5)
these sets of non-diagonal cross sections we made use of
the energy corrected sudden approximation (ECSA) (for
a review see Ref. [62]).

The ECSA exploits an inelastic cross section out of j
= 0 (or of cross sections from j' # 0 to j = 0 using
the micro-reversibility). This allows one to express all
non-diagonal generalized cross sections in terms of such
standard state-to-state cross sections, o(L = j — 0),
where it is customary [62] to replace j by L, via

R N
06 (3idfs Jidss Brin) = — <)
i)

/25,9
DN FO iy idg L) Y=g =0 (L = 05 Bin) - (8)
L

Here, the Percival-Seaton spectroscopic coefficients are
given by

.. .. 2
Fa(jg5, g L) = (<10 (133 172 g [45))

Ji L ji\ (Jr L Jj; Ji Jf 4
><(000)<000 pang O

where {:::} denotes a 6j symbol. In fact, since j; = 0
by virtue of the triangular rule, implied by the first 3-j
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symbol, there is only one L value for the R(0) line, with
L = j/ that contributes to the summation.

The Q’s adiabaticity factors, figuring in Eq. (8), were
first introduced by DePristo et al. [63] to correct for the
sudden approximation. Based on our previous studies on
CO3 — Ar [64] and CO — Ar [26], we have preferred to use
the form of these factors proposed by Bonamy et al. [65]:

-1

1
D (Wi j—17e)?| (10)

Q=1+
where 7. is the effective duration of a collision and w; ;1
is the angular frequency spacing between adjacent lev-
els. The relaxation matrix elements (in cm~!) are de-
duced from a Maxwell-Boltzmann thermal average of
these cross sections,

NArUy <
2me

where |1)) and |I')) stand for the [|if)) and |’ f’)) lines,
respectively, U, is the mean relative speed at a given tem-
perature T, n 4, is the number density of the bath com-
posed of argon, and

(" wn) = ao(U',1; Bkin)) (11)

(oo (' 1; Eyin)) =

1 )
W/ Ekine_Ekm/kBT U(l)(l/,l;Ekin) dE]Wn (12>
B 0

Finally, the relaxation matrix elements that obey the
detailed balance principle, Wy - py = Wy - ppr, where the

p’s are the thermal equilibrium populations of the initial
level of the optical transition, are given by

_ Nar Pis . . 1/2 1/2
o= Q
W = =522 2= i< (G )7 (96 Re)
1
x> (LY F(3id%, dids )(TLR(L = 0;7) (13)

with R(L — 0;T'), the rate constant associated with the
downward cross sections o(L =+ 0). In the line shape
literature, this rate is often expressed in terms of the so-
called "basic rates” : R(L — 0;T) = 5,Q(T), where
Q’L(T) is actually the thermally averaged cross section:

QL(T) =
1 (o )
7(]9 T)2 / Erin 67Eki"/kBT O(L — 0; Ekin) dELin,.
B 0
(14)

In Eq. (13), i~ (i<) and fs stand for the maximum
(resp. minimum) value of (j;,j;) and (js,j}). Thus, to
generate the necessary off-diagonal relaxation matrix el-
ements we only need to have at our disposal the down-
ward rates to j = 0 or equivalently the basic rates Q7 (T).
Thanks to our scattering calculations over a large grid of
kinetic energies, we have in fact o(L — 0; Ej;y, ), and thus
the rate constants R(L — 0;T) up to L = 20.

In addition, in Ref. [26], the basic rates were modeled
using a hybrid exponential-power (EP) law [66]:

/ o A(T) ,ﬂ%

The adjustable parameters, A, «, and 3, are given in
Table V of Ref. [26]. From this table the effective dura-
tion 7., at room temperature 7', of a collision can also be
easily deduced.

To conclude this section, we have therefore three sets of
relaxation matrix elements: a limited set obtained from
our ab initio CC calculations and including the couplings
of the R(0) line with its 5 neighbouring R lines and the
couplings with the P(1) to P(4) lines located at nega-
tive frequencies, a second set coming from our mixed
CC/ECSA calculations, and a third one derived from the
fitted basic rates of Ref. [26].

D. Line-shape parameters

It is well known [62] that the real and (minus) imagi-
nary parts of the diagonal relaxation matrix elements are
the standard collisional Lorentzian halfwidth and shift
parameters of a line:

Loy = Re(Wu), (16)

Ag,l = —Im(W”). (17)

In the first order with respect to pressure, to the
Lorentzian line profile a dispersive contribution that
comes from the line mixing must be added. This disper-
sive component is characterized by the Rosenkranz [67,
68] line mixing parameter

dy Wi
Y, =2 — 1
l ;dlul_Vl/’ (18)

where d; is the reduced dipole matrix element for the line

1)),
di = (1) [jf]l/z’(]g x é) (19)

and v; denotes its position in the spectrum in cm™!. As
for rovibrational spectra having regular R and P branches
we can split Eq. (18) into two contributions:

4 Wl ’

= E E _— (20)
! _ _
=2 d v — vy, dl v — vy

the first contribution being associated with the intra-
branch couplings, i.e., R lines located at positive frequen-
cies, and the second one with the inter-branch couplings,
i.e., P lines at negative frequencies.
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Since I'g;, Ag,;, and Y; are proportional to the number
density of the bath gas, these parameters, normalized by
the bath gas pressure, are widely used as spectroscopic
coeflicients:

Lou = pyou (21)

Ao, = pdo, (22)

Y =py. (23)

Note that ¥; = (V' + i¥}!) is a complex line-mixing pa-
rameter. In the following discussion we limit our focus

to the parameters concerning the R(0) line; therefore, we
omit the line-count subscript [ for simplicity.

The speed dependence of the line-shape [1, 2] param-
eters also affects the line profile. Due to our quantum
dynamical calculations for various energies we are in a
position to provide the absolute active molecule speed
dependence of the above parameters,

I'(v) +iA(v) =

oo

27rc fvvp /

0

02402
£ 200, 2
vvle b smh( U;) )US(UT), (24)
v

p

where n is the number density of the bath molecules,
v, v, and T, are the speed of the active molecule, rela-
tive absorber-to-perturber speed and most probable per-
turber speed. Note that Eq.(24) deals with the diagonal
cross section of the line under consideration. The same
equation can be utilized to determine the speed depen-
dence of the off-diagonal relaxation matrix elements and,
thus, to derive the speed dependence of the line mix-
ing parameter. The latter was evaluated and found to
be negligible under our experimental conditions in accor-
dance with conclusions of work Ref. [69]. The use of the
speed dependent parameter Y () instead of the speed av-
eraged value Y in calculations of the line shape (Eq. (26))
leads to variations at the level of about 2 x 107 em™1,
which is 160 times lower than the resonator spectrometer
sensitivity. So in what follows we report only the speed
averaged value of the line mixing.

E. The results of the quantum scattering
calculations

Figure 3 presents kinetic energy dependent pressure
broadening and shift cross sections (top panels), as well
as the off-diagonal cross sections (middle panels) for
od(R(j = 1 — 5); R(0); Eyin) cross sections. Similar
calculations (not shown) were performed for of(P(j =
1 —4); R(0); Exin) cross sections (as well as for the di-
agonal elements of the P(1) line located at negative fre-
quency). The pressure-normalized, speed-dependent col-
lisional half-width and shift of the R(0) line at 297.5 K

8
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FIG. 3. Ab initio calculation results for the CO-Ar colli-
sional system: top and middle panels: Pressure broadening
and pressure shift cross sections (PBXS and PSXS), real and
imaginary parts of the line mixing cross sections (RLXS and
ILXS). Thin blue lines mark the Maxwell-Boltzmann distribu-
tion of the kinetic energy of perturber (Ar) molecules. Bot-
tom panels: reduced speed (v/vy,) dependence of pressure
broadening (v4" = I'*"/p*") and shifting (64" = A" /pA™)
coefficients. Black curves are the ab initio data and red
curves stand for the quadratic approximation. Dashed hori-
zontal lines mark the speed-averaged values with respect to
the Maxwell-Boltzmann speed distribution (thin blue lines).
The results presented in this figure were calculated with Cy-
bulski’s PES [16].

TABLE II. Ab initio spectral line-shape parameters for the
CO-Ar collisional system calculated with the PES of Cybul-
ski [16] and Sumiyoshi [41]. The calculations were performed
for T = 297.5 K and the broadening and shifting coefficients
are expressed in units of 1073 cm ™ atm ™', while the units of
the line mixing are 10~3atm™'. The last column presents rel-
ative differences between the coefficients originating from the
different PESs.

coefficients Cybulski PES Sumiyoshi PES difference (%)

Yo 69.7 70.9 1.7
Ll -0.13 -0.15 13
AT 8.2 8.7 5.7
ST -0.22 -0.19 16
y" 5.04 - -
Y’ 0.01 - -
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are plotted in the bottom panels of Fig. 3. The ther-
mally averaged relaxation matrix elements at 297.5 K
related to the R(0)-R(j" # 0) off diagonal cross sections
are shown in Fig. 4 where they are compared with our
mixed CC/ECSA values and the fitted ECS values [26].

Having at our disposal various sets of relaxation matrix
elements we are in position to determine the line mixing
parameter of the R(0) line at 297.5 K. In the following,
for short, we call Y, and Y, _ the contributions of the
intra- and inter-branch couplings (Eq. (20)). Using the
CC relaxation matrix elements between the R(0)-R(j=1-
5) lines, we found the value Y, ,= 6.87 x 1073 atm~!
while the R(0)-P(j=1-4) relaxation matrix elements lead
to Yy =-1.83 x 1073 atm~!. Thus, our CC initial value
for the line mixing parameter is y = 5.04 x 1072 atm~".
In the second step, in order to include more terms in the
summation (Eq. (20)) leading to this parameter, we have
included higher off-diagonal ECSA relaxation matrix el-
ements derived from our present set of CC rate constant
R(L — 0;7") up to L = 20, thus including line mixing
terms up to the R(20) and P(20) lines. This leads to a
final value of 4.71x 1073 atm™'. Note that using the fit-
ted rates [26] instead of the present rates leads to a close
value of 4.82 x 1072 atm~!. This is not surprising be-
cause, at room temperature, taking into account the line
mixing with the nine neighbouring lines (P(4) to R(5))
provides the main contribution to this parameter and the
above values converge to better than 2 %, retaining the
intra- and inter—branch coupling terms up to j = 10. In
addition, one can see in Fig. 4 that the present ECSA set
and the previous fitted one are indeed very close for L
greater than about 8. Anyway, it is difficult to claim that
our final value of the line mixing parameter is accurate
to better than 7%. Indeed, the use of-our present CC
rates in conjunction with the ECSA, leads to the value
of 4.7 x 1073 atm™!. This remarkable agreement with
our final value is accidental becatse the separate contri-
butions from the intra- and intér—branch are in fact quite
different (Y, ;=8.81 and Y, = —4.11, in 1073 atm™1!).
Nevertheless, our prediction of the line mixing parameter
is also comparable to experimental or more or less accu-
rately calculated values for the R(0) line of CO in various
baths [24, 27, 28, 70].

Finally, the relaxation matrix has complex-valued ele-
ments. Thus, we should be theoretically able to provide
the imaginary part of the line mixing coefficient of the
R(0) line. Indeed, our ab initio CC W (R(j=1-5;R(0))
have an imaginary part (right middle panel of Fig. 3) as
well as the W(P(j=1-4;R(0)) leading to the total value
0.01 x 1073 atm™! for the imaginary part of this coeffi-
cient. Due to the largely predominance of the couplings
with the first 9 neighbouring lines this certainly gives a
correct order of magnitude of this part. Of course, since
Q/L(T) are real, it is not possible to extrapolate using the
ECSA. The absolute value of this imaginary part is much
lower than the real part and has thus been neglected in
the line shape analysis.

As a last remark, we point out that the present calcu-

lation of the line mixing parameter was done with Cy-
bulski’s PES [16]. Comparing the state-to-state cross
sections out of j = 0 (0(j = 0 — j'; Fxin)), the spec-
troscopic cross sections and the thermally averaged val-
ues obtained with the two used PESs [16, 41], we have
no doubt that Sumiyoshi et al. PES will lead to a very
similar value of the line mixing parameter.

The thermally averaged, at 297.5 K and pressure-
normalized line-shape parameters derived from the
present ab initio calculations are gathered in Table II.
Appendix B provides their temperature dependence.

F. The model of a collision-perturbed shape of
molecular resonance

The center frequency, vy, of the R(0) line
of CO in the ground vibrational state equals
3.845033413(16)  em~! [17]. The contribution of
the Doppler broadening effect is quantified by its
HWHM [71],

FD = Z/D\/ID(Z) = %O

where vp = vp“= is the most probable Doppler shift,
kg, T and m are Boltzmann constant, temperature,
and mass of the active molecule, respectively. In
the case of the R(0) 0-0 line studied in this paper,
Ip = 4.49x107% cm™! at 296 K. On the other hand,
the collisional broadening parameter, I'g scales linearly
with pressure p.

Within this study we performed measurements in a
wide pressure range, which affected the ratio between I'p
and I'g. Table III presents the values of I'y parameters
in each of our three pressure ranges. While in the high-
pressure regime 'y dominates over I'p by at least two
orders of magnitude, the parameters become commensu-
rable in the intermediate- and low-pressure regimes. The
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FIG. 4. Real part of relaxation matrix elements normalized by
bath gas pressure coupling the line R(0) to the R(1) to R(20)
lines calculated at 297.5 K. Full CC: red symbols; ECSA from
our CC downward rates R(j — 0;7T): black symbols; fitted
values [26]: blue symbols. Note that the blue and black dots
overlay for j > 10.
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TABLE III. Comparison of the speed-averaged CO-Ar col-
lisional pressure broadening parameter values in differ-
ent pressure ranges. The Doppler HWHM I'p value is
4.49x107%cm™" at 296 K.
device ‘ pressure range ‘ 4" range [em™!]
resonator| 772-1525 Torr | (7.08- 14.0)x 102
RAD | 634-2049 mTorr |(5.79 - 18.7)x107°
VID |93.4-221.8 mTorr | (8.55 - 20.3)x 107

T'o/T'p ratio determines the choice of a proper spectral
line shape profile that we use to compare theoretical cal-
culations with experimental data from each of the three
spectrometers.

1. High-pressure collisional regime

This section describes the line-shape model used to
simulate the theoretical spectra that we compare with
the resonator spectrometer data. The contribution of the
Doppler broadening effect is negligible compared to the
collisional broadening, see Table III. We can also disre-
gard the influence of the velocity-changing collisions. To
justify this we compared the speed-dependent Hard Col-
lision profile [1] and the speed-dependent Lorentz profile.
In our high pressure range, the two models differ on the
level of 0.06 %, which is much smaller than the other sys-
tematic uncertainties, in particular the one related tothe
choice of PES. Since we analyze the line in the microwave
spectral range at high pressure, we have to take into ac-
count the influence of the radiation-term-related scaling
factor proportional to v2/12, as well as the slope coming
from the negative-frequency peak (ignoring these two ef-
fects would make the residuals four fimes higher). A
line-shape model which includes these two effects is called
the van Vleck-Weisskopf (VVW) profile [72]. A modified
version of the original VVW profile, including the line
mixing and speed dependence of collisional broadening
and shift can be expressed as [67, 73]

2 poo
I(v) = dn—3Re( 2 / e " a?
2] 0

( 1+4Y,
L) +i(v—rvy — Av))

+

1-+4Y_
T(v) +i(v+ 1o+ A(v))) d””)' (26)

Here, I'(v) and A(v) denote the speed-dependent pres-
sure broadening and shift parameters, As discussed below
Eq. (7) the positive and negative -frequency resonances
have the same width and opposite shift; intuitively their
line mixing parameters are equal in magnitude but have
an opposite sign. This couple of lines behaves as an ob-
ject and its image in a mirror (see Ref. [74] and references
therein). The later property can be demonstrated for any
couple of pure rotational lines starting from Eq. (20) us-
ing the symmetry of the cross section (Eq. (7)) and the

10

reduced dipole moments (Eq. (19)). At a more detailed
level, one can show, using the notations introduced in
Section IITE, that Yy = —Y__ and Y, _ = —Y__, thus
Y, =-Y_.

The integral is performed over the Maxwell-Boltzmann
speed distribution; z = ﬁ, where v and v,, are the ac-
tive molecule speed and 1ts most probable speed. To
model the speed dependence of the pressure broadening
and shift parameters, we used the quadratic approxima-
tion defined as [42]

3

I'(v) =Ty + Ty < o 2) , (27a)
Av) = Ag + Ay <x2 - g’) , (27h)

The two bottom panels Fig. 3 present the fully ab initio
speed dependent pressure broadening and shift (continu-
ous black lines) and their quadratic approximations (con-
tinuous red lines) for the CO-Ar system. Thin blue lines
denote the Maxwell-Boltzmann distribution of the active
molecule velocity. 7()‘” and 64", marked with dashed hori-
zontal lines, are the speed-averaged pressure-independent
spectral line-shape parameters, obtained from averaging
the collisional cross sections [6]. 5" and 647, which
quantify the speed dependence, are calculated using the
condition that the quadratic function has the same slope
as the ab initio speed dependence at the most probable
speed of the active molecule [42]. These four line-shape
coefficients are reported in Table II. The line-shape pa-
rameters are the sums of the fully ab initio CO — Ar
collisional coefficients and of the CO — CO coefficients
weighed by partial pressures (see the convention defined
in Egs. 21-22). The speed dependent CO — CO coef-
ficients for the line broadening and shifting were taken
from the previous experiments [23]. The line mixing ef-
fect was never studied in the pure rotational band of CO,
so we utilized the same value of Y for modeling both CO
— Ar and CO — CO collisions. This can be justified by
the following reasoning. The value is in a reasonable
agreement with data from Ref. [75] (which is for the 2-0
band). The divergence between Y parameters for the 2-0
and 0-0 bands should not be large because of the weak
dependence of the collisional cross-section within small
vibrational excitations. Potential impact of inaccuracy
of the used value is expected to be negligible because of
(i) weakness of the effect at present experimental condi-
tions, (ii) relatively small amount of CO in the sample
and (iii) insignificant difference in y coefficients for pure-
and foreign-pressure broadening lines [75]. To verify this
statement we doubled the related value of y in the model.
The modification led to an increase of the observed minus
calculated spectrum rRMSE by 0.03 %.

The same approach was used for the spectra modeling
at intermediate and low pressures discussed below.
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2. Intermediate- and low-pressure collisional regime

This section describes the spectral line-shape model
that we used to validate our ab initio theoretical cal-
culations on the data from radioacoustic detection and
video spectrometers. Since their principle of operation
relied on the frequency modulation technique, with pre-
cisely known deviation, the experimental profiles have a
dispersive shape,

I(v) = Iyp(v + dv) — Iyp(v — dv), (28)

where 0v is the frequency deviation value. As the pres-
sure gets lower, the line is significantly narrower and the

2
factor (L) ~ 1. Similarly, the influence of the nega-

Vo
tive peak present in the VVW model can be neglected.
In the intermediate- and low- pressure regimes the colli-
sional broadening no longer dominates over the Doppler
broadening and both effects are taken into account within
the framework of the speed-dependent Voigt profile (with
inclusion of the line mixing) [10, 76],

2 oo
Ivp(v) = Eﬁ_%Re (/ ex”:ln(
0

Fa,(v) —i(v—v9 —A(v)) +ivpx
T (0) =i (v — 1o — A(v)) — z'ny) dx) - (29)

The effective broadening parameter

Lau(v) =4/ (T (v)* + Q% (30)

includes the Rabi frequency Qi characterizing transition
saturation by a radiation power. It can be determined
as a product of the amplitude of the electric field of the
radiation and matrix element of the transition dipole mo-
ment [77]. Under conditions of our study with radioa-
coustic spectrometer, Qx was estimated for the R(0) line
as 0.11-0.13 MHz, which is comparable to the Doppler
half-width. For video spectrometer recordings, the Rabi
frequency was about an order of magnitude lower. While
the role of the Doppler_ effect is pronounced only in the
lowest pressure range;, one could expect the Dicke nar-
rowing effect to play a role: To estimate its influence, we
compared the simplest Dicke-narrowed speed-dependent
Hard Collision profile/[1] with the speed-dependent Voigt
profile. In the considered pressure regime, the two mod-
els differ on the level of 0.05% (the relative root-mean-
square error calculated within £ FWHM of the line pro-
file, rRMSE=0.05%), which is much smaller than the sys-
tematic uncertainty related to the choice of PES, and
hence we neglect the Dicke narrowing.

IV. DIRECT COMPARISON OF THE
AB INITIO SYNTHETIC PROFILES WITH THE
MEASURED SPECTRA

Having performed both the ab initio calculations and
accurate line-shape measurements, we compare our syn-
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thetic line-shape profiles with the experimental results
in Fig. 5. In each of the 15 spectra presented in Fig. 5
the line-shape parameters are fixed to our ab initio val-
ues (obtained from Cybulski’s PES [16]). The top panel
presents five absorption profiles measured with the res-
onator spectrometer in our highest pressure range (772—
1525 Torr). We compared the experimental data with
the ab initio calculations by adjusting only the baseline
and slope (i.e., constant and linear with the frequency
terms added to the line shape model) to compensate for
the possible effect of unaccounted far line wings together
with an absorption by molecular pairs (bimolecular ab-
sorption) and fixing the intensity parameter to the best
literature value [78, 79], see the blue curves in Fig. 5. We
also performed an alternative analysis, adjusting the in-
tensity parameter individually for each line to focus only
on the collisional line-shape effects and exclude inten-
sity uncertainty, see the red residuals on the top panel of
Fig. 5.

Similarly, to compare the ab initio data with experi-
mental results collected with the radioacoustic detection
and video spectrometers, we performed a multi-spectrum
fitting procedure, adjusting Qg (which depends on ap-
paratus settings). These techniques do not give direct
access to the absolute line intensities; therefore we ad-
justed the intensity of each line separately. To account
for the apparatus effect relevant for the radioacoustic and
video spectrometers, we fitted a frequency-proportional
scaling factor, as well as the baseline and slope. Five
lines measured with a radioacoustic spectrometer in the
intermediate-pressure range (634-2049 mTorr) are dis-
played on the middle panel of Fig. 5 together with the
corresponding theoretical data. Similarly, five spectra
collected with a video spectrometer in the low-pressure
regime (52.1-155.1 mTorr), accompanied by their theo-
retical counterparts are located on the bottom panel of
Fig. 5.

The absorption corresponding to other lines of CO
spectrum is small, but not negligible in the frequency
range under study. This additional absorption was mod-
eled as follows and subtracted from experimental spec-
tra before their comparison with ab initio profiles. The
van Vleck-Wesskopf line shape function was used with an
additional term taking into account the line mixing effect
in the first order of pressure (so-called Rosenkranz pro-
file [67]). The far wings of the profile were truncated at
25 cm ™! detuning from its maximum as suggested in [80].
The line-by-line sum of such profiles was calculated for
all (excluding the studied one) rotational lines of CO iso-
topologues in the ground and vibrational states with in-
tegrated intensities larger than 10~2% cm/molec following
the HITRAN2016 line list and using line intensities and
self-broadening coefficients from this database [81]. Ar-
broadening coefficients were adopted from [47], assum-
ing the same rotational dependence and independence
on vibrational state. The rotational dependence of the
line mixing parameters was evaluated on the basis of our
ECSA off-diagonal relaxation elements. Then the line
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FIG. 5. Direct validation of the ab initio quantum-scattering calculations (performed on the PES of Cybulski [16]) on accurate
experimental spectra of the R(0) line in CO. perturbed by collisions with Ar atoms. The three panels from the bottom to the
top show the results obtained with the three spectrometers in a very wide range of pressures from 52 mTorr to 1525 Torr (exact
values of the CO and Ar pressures are given above each profile; the first/second value corresponds to the CO/Ar pressure). All
the three spectrometers measure the absorption coefficient a(v), which is directly seen in the case of a resonator spectrometer
(top panel). In the cases of radioacoustic and video detection spectrometers (middle and bottom panels), the line profiles have
dispersive shapes due to the frequency demodulation techniques relevant for these spectrometers, see Sec. II. The black dots are
the experimental spectra and the red lines are the ab initio profiles. In the case of a resonator spectrometer (the top panel), the
absolute vertical scale is accessible and the synthetic ab initio profiles can be generated based on the line intensity taken from
the best literature value [78, 79], see the blue lines (for the red lines, the line intensity was fitted). The differences between the
experimental and ab initio profiles are shown below each graph with respective color notation. To quantify how well the theory
agrees with experiments, we report for each profile the relative (with respect to the profile peak value) root mean square errors
(rRMSE) of the experiment-theory differences calculated within the ®FWHM range around the line center, see the numbers (in
percent) above the residuals. The spectra were acquired at T~ 297 K (resonator spectrometer), T' =~ 299.35 K (radioacoustic
detection spectrometer), and T ~ 298.15 K (video spectrometer).

mixing coefficients for all rotational lines (excluding the
R(0) line) were calculated by scaling this dependence us-

(red curves) and fixed (blue curves) line intensity. Each
residual is accompanied by the value of the relative root

ing the R(0) line coefficient value calculated in this work
and reported in Table II.

Below each of the 15 spectra displayed in Fig. 5, we
present absolute residuals, i.e., differences between theo-
retical and experimental data. As was mentioned in the
previous paragraph, two sets of residuals are displayed on
the top panel, corresponding to the analysis with fitted

mean square error (rRMSE, expressed in %) to quan-
tify the agreement between theoretical and experimental
data.

In the case of the resonator spectrometer data, we ob-
tained percent-level rRMSE when the area was fixed to
the database value, while adjusting it brought residu-
als below 0.5 % for each of the five lines. In the case
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FIG. 6. Comparison of the absolute differences between theoretical and experimental spectra (red lines and black dots on the
top panel) collected with a resonator spectrometer for different line-shape models and PESs. The ten lower panels present how
taking into account different collisional effects influences the agreement with experimental data. The results displayed with
red lines are the absolute residuals calculated using the Cybulski’s PES [16], while the blue lines correspond to the results
obtained with the Sumiyoshi’s PES [41]. The absolute differences between the ab initio synthetic data and the experimental
spectra are accompanied by relative root mean square errors (rRMSE) of the experiment-theory differences calculated within
the £FWHM range around the line center, see the numbers (in percent) above the residuals. In the right part of the figure we
list the abbreviations we used for the profiles (VP=Voigt Profile, VVW=van Vleck-Weisskopf Profile, LM=line mixing, and
SD=speed dependence of the collisional broadening and shift), as well as the mean rRMSE resulting from the use of the given
model. Since we did not calculate the Y parameter for Sumiyoshi’s PES, the contribution of LM in each case is based on

Cybulski’s PES.

of the radioacoustic spectrometer data, the agreement
between theoretical and experimental lines expressed in
terms of TRMSE was at a level of 0.5 %. The situation
was much different in the case of the video spectrom-
eter data. Indeed, the studied pressure range included
a region where the effect of baseline fluctuations is not
negligible. Among 106 scans, we selected a series of five,
sharing the same Rabi frequency, whose baseline fluctua-
tions were the smallest. The remaining baseline deforma-
tion, due to the apparatus, was reduced by subtracting
a third-order polynomial from the raw data. Ultimately,
we achieved a rRMSE within 0.7- 2.3 %, which was dom-
inated by the apparatus effect, and not by the ab initio

calculations.

In the next step of our analysis, we examined how ne-
glecting different line-shape effects can affect the agree-
ment between theoretical and experimental data for the
case of a resonator spectrometer. Figure 6 presents a
direct comparison of ten different approaches to model
the line shape profile. In this case, the line intensity was
a fitting parameter. Similarly to the convention applied
in Fig. 5, each residual curve is followed by the numer-
ical value of rRMSE. Additionally, the performance of
each model is summarized in the right part of the pic-
ture by the mean rRMSE. The figure shows two sets of
data, either obtained by using Cybulski’s PES [16] (red
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residuals), or by using Sumiyoshi’s PES [41] (blue resid-
uals). For comparison, we begin with the simple Voigt
profile (VP), which is conventional for the IR and visi-
ble spectral ranges, where the condition vy > HWHM is
strictly fulfilled. A significant improvement is observed
after employing the van Vleck-Weisskopf profile (VVW)
confirming its superiority for broad lines in the microwave
range [82]. A 1.7 % difference between two PESs in I'g
(see Table II) becomes notable at this step. Taking into
account the line mixing (LM) effect leads to an even bet-
ter agreement between theory and experiment for both
PESs (recall that the LM parameter is determined from
scattering calculations performed on Cybulski’s PES.) At
this step we see that something is still missing. W-shape
residuals that are characteristic for the SD effect manifes-
tation are seen for both PESs. Now, if we disregard the
LM, but just take into account the SD effect, the residu-
als show the asymmetric skew typical for the LM effect,
which is more prominent for Sumiyoshi’s PES. This step
improves the agreement as compared to a simple VVW
analysis in the case of Sumiyoshi’s PES, but worsens the
agreement for Cybulski’s PES. Note that the theoretical
SD of the width and shift (the latter plays an insignifi-
cant role in our case) are very similar for both PESs and
the 1.7 % difference in widths become crucial. Clearly,
the role of the LM is preponderate over the SD broad-
ening at the highest pressures. The final SDVVWLM
profile accounting for both effects shows the best agree-
ment with the experimental data for Sumiyoshi’s PES,
while this is not the case for Cybulski’s PES. On the one
hand, this result seemingly demonstrates the advantage
of the Sumiyoshi PES and could be tentatively explained
as a slight underestimation of the line width using Cybul-
ski’s PES, thus compensating the line narrowing due to
the SD effect. On the other hand, we should admit that
there are other influencing issues leading either to the
theoretical underestimation of the width or to the addi-
tional line broadening due to seme experimental artifact,
which may compensate for the inaccuracy of Sumiyoshi’s
PES and thus hide the advantage of the Cybulski’s PES.
Therefore, we avoid any judgment on which of the two
PESs is more accurate and conclude that the influence
of SD effect is of the same order as influence of PESs
(around 0.2 %), which is similar to overall accuracy we
reach in our ultimate comparison.

V. DISCUSSION AND CONCLUSIONS

The results gathered in Figs. 5 and 6 show that our
theoretical ab initio calculations predict the collision-
perturbed shapes of the spectral lines to the sub-percent
level. The most broadband spectra were collected with a
resonator spectrometer. These spectra are the most ad-
vantageous for our goal because of (i) the absolute verti-
cal scale in units of absorption coefficient, which allows
to fix the line intensity, (ii) the clear manifestation of the
line mixing effect, and (iii) the smallest impact from the

14

apparatus contributions. These spectra are in 0.15-0.38%
agreement with the ab initio calculations, depending on
the chosen PES. We also achieved a 0.4% level of accu-
racy for spectra recorded with radioacoustic spectrome-
ter in the intermediate-pressure range. The residuals in
the low-pressure regime are dominated by the apparatus
effect and do not allow us to state the agreement at the
same level of accuracy. However, the experimental data
still reveal good agreement with theoretical profiles, im-
plying that our ab initio calculations are valid in a wide
pressure range, spanning 50 mTorr to 1500 Torr.

The very good agreement between theoretical and ex-
perimental data obtained at room temperature allows us
to assert that the same level of accuracy of our ab initio
calculations can be expected within a quite broad range
of temperatures. This follows from the fact that the cal-
culations are performed on a grid of kinetic energies cov-
ering a range between 0.1 and 2000 cm ™!, corresponding
to about 1.5 - 2800 K in terms of thermal energy kgT'. To
demonstrate such a capability we provide in Appendix B
the results of calculation of line shape parameters calcu-
lation for a number of temperatures within this range.
This additional data may be helpful for future experi-
mental or theoretical works, as well as for population of
spectroscopic databases.

Thus, using the example of the R(0) line of the ground
vibrational state of CO molecules colliding with Ar, we
have demonstrated that the state-of-the-art ab initio cal-
culations are able to reproduce the observed shape of at-
mospherically relevant molecules at a sub percent level
of uncertainty, which is quite sufficient for most present
day applications.
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Appendix A: The complex Dicke parameter

Other effects due to collisions affect the line shape.
Hess [3], a long time ago, approximated the collision op-
erator by two relaxation frequencies, wa and wg (the
generalized Hess parameters). By doing so, he solved a
semi-classical kinetic equation which takes into account
the internal motion and the drift term due to the transla-
tional motion leading to the Dicke narrowing. This the-
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ory was later on completed [53, 54] essentially by making
a link with the formalism in Liouville space and the scat-
tering matrix leading to a close coupling expression of the
generalized Hess spectroscopic cross sections (Eq. (6)).
Following the generalized Hess notations, the complex
pressure broadening and shift coefficient is denoted as
G4 =T —iA =ny @°(q). (A1)
The quantity wg takes into account the correlation be-
tween the translational and internal motions and is ex-
pressed in terms of two, mass weighted collision integrals,

- m - 2
Op =n————a0°(q) + =

~11
e - atle). (A2)

Mg + My
These collision integrals are in turn derived from the
GHM cross sections,

d;i’SI(Q) = Er/dirx(”s/“)ﬂe_xag (Egin = 2kpT).

(A3)
Making the link between Hess’ profile [3] and various pro-
files that take into account the Dicke narrowing [1, 2],
some of us recognized [6] that the frequency of the veloc-
ity changing collisions is indeed
Dopt E(:)R_(:)A~ (A4)
In the following, we call 7,,; the complex Dicke parame-
ter [14, 15]. Note that this parameter contributes both to
the broadening and shift of a line because it is complex
valued.

Appendix B: Temperature dependence of the line
shape parameters

This Appendix describes the temperature dependence
of the spectral line-shape parameters of the R(0) line of
CO in Ar. For simplicity, we omit the Ar superscript
within this section, as the CO-CO parameters are ex-
cluded from this discussion. We performed fully ab initio
line-shape calculations to obtain the set of spectroscopic
coefficients o, do, Y2, d2, Vgpts ﬁépm and y" at temper-
atures between 100 and 700 K. Table IV provides the
pressure broadening and shift coefficients, as well as the
complex Dicke parameter and the real part of the line
mixing coeflicient for selected temperatures between 10
and 700 K. Between 77 and 300 K we estimate an error
of the order of 0.5% for these data. Below 25 K the error
maybe of the order of a few percents due to the reso-
nances that may appear in the kinetic energy dependent
cross sections. At 700 K we may have an error of this
order, too, due to the methods of quadrature used and
extrapolation above Eg;, = 2000 cm™! (see Eq. (A3)).

The double-power-law (DPL) temperature dependence
of the spectral line-shape parameters adopted in the HI-
TRAN database [13, 42] is defined by the following equa-
tion:
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TABLE IV. Line shape parameters for the pure rotational
R(0) line of CO in argon and for selected temperatures: pres-
sure broadening coefficients (o), pressure shift coeflicients
(o), real and imaginary parts of the complex Dicke param-
eter (Dopt), and the real part of the line mixing coefficient
(y). The units are 1072 cm ™! atm™! (except y, which is in
1072 atm™'). The first entries are obtained with Cybulski’s
PES [16] and the second ones with Sumiyoshi’s PES [41].

T

T(K) Yo 60 ;;épt Fljrl::pt Y
10 975.25 0.08 123.58 14.73 -1.32
1016.00 2.58 121.22 -2.62
25 46745 4.92 5893 4.38 1.73
476.48 3.90 57.90 1.12
50 274.20 2.98 34.05 0.68 4.66
276.75 2.10 35.16 -0.05
77 19760 1.54 24.20 -0.14 5.83

199.37 1.13 25.21 -0.35

100 162.00 0.88 19.58 -0.26 6.18
163.67 0.65 20.40 -0.35

150 118.80 0.23 13.90 -0.21 6.11
120.40 0.14 14.45 -0.23

195 96.98 0.01 11.05 -0.14 5.72
98.50 -0.04 11.45 -0.15

240  82.50 -0.08 9.20 -0.09 5.26
83.93 -0.11 9.52 -0.09

273 74.60 -0.11 8.22 -0.06 4.94
75.94 -0.14 8.50 -0.07

297  69.80 -0.12 7.63 -0.05 4.71
71.10 -0.14 7.88 -0.05

400 5521 -0.13 5.92 -0.01 3.90
56.35 -0.14 6.05 -0.01

500 46.30 -0.11 4.87 0.00 3.30
47.25 -0.12 4.90 0.00

600 40.05 -0.09 4.05 0.00 2.85
40.85 -0.10 3.98 0.00

700 35.35 -0.07 3.27 0.00 2.49
36.00 -0.08 3.15 0.00

2 T Exp;
X(T) =" Coeff; (Tf> , (B1)
i=1

where X stands for any particular line-shape parameter,
Trer is 296 K, and Coeff; and Exp, are the numerical
coefficients. The DPL representation of the temperature
dependence of the real part of the line-mixing parameter,
Y™ has not yet been considered in the HITRAN database.
Nonetheless, we applied the DPL function Eq. (B1) to
the Y parameter similarly to the other line-shape pa-
rameters.

Figure 7 presents a comparison of our ab initio data
with their DPL representations. While adjusting the
DPL function to the ab initio data, we performed a
weighted fitting procedure, prioritizing the temperature
range corresponding to the terrestrial atmosphere (be-
tween 220 and 300 K, marked with gray areas in Fig. 7;
we used x10 weights in this range). Below each of the
seven graphs, we plot absolute residuals and give the rel-
ative root mean square error (rRMSE) in the prioritized
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FIG. 7. Temperature dependences of the spectral line-shape parameters of the R(0) line of CO in Ar. For simplicity, we omit
the Ar superscripts in this figure. Each of the seven main plots presents the ab initio (black curves) and their double-power-law
(DPL) representations [42] (green curves). The units of the vertical axes of the plots are 10 *cm ™ atm ™!, except for the y"
coefficient having the unit of 1073atm™'. Below each graph we show residuals, as well as the relative root-mean-square value of
the residuals in the prioritized temperature range (the area between 220 and 300K marked with gray background), normalized
by the mean value of the corresponding line-shape coefficient in this range.

TABLE V. The parameters of the DPL representation of the
CO-Ar R(0) line-shape parameters. The units of coefficients
1 and 2 are 10 3cm ™ *atm ™! (except for 4 and y’ in units of
107 *atm™") and exponents 1 and 2 are dimensionless. All
the DPL coefficients are defined by Eq. (B1), following the
original formulation from Ref. [42].

parameter  Coeff; Coeffs Expy Exp2
~Yo(T) -1.0319 72.2319 1.8536 0.7946
d0o(T)  100.34175 -100.48787 1.47913 1.47659
~2(T) 0.0147 7.8418  -4.4324 0.8909¢
02(T) -4.048 4.098 0.696 0.721
Vgt (T) -0.1 8.816 3.13  0.926
Ui (T)  -19.892  20.085  2.5151 2.5069
y*(T) -651.20 655.89  1.1897 1.1854

temperature range, normalized by the mean value of the
considered line-shape parameter in the prioritized range.
While the accuracy achieved for the yo, 2 and D0, is
on the per mile level or better (0.01% for vp), the values
of rRMSE values for dy, d2, and 7 are relatively high
due to the low value of the normalization factor in the
denominator. Table V contains the set of coefficients re-
quired to reconstruct the DPL parameterization of our
R(0) line defined by Eq. (B1).
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