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ARTICLE INFO ABSTRACT

Keywords:
Rovibrational energy levels

Spectroscopic networks, based on rovibrational line-center measurements found in 10/5 literature sources, are
presented for the triply substituted carbon dioxide isotopologues '70'*C'#0/!'70'3C!70 (738/737, according
€O, to a well-established shorthand notation followed in this study). For 738/737, the spectroscopic networks

1:82238 contain 2058(1488)/1831(1349) measured(unique) transitions, belonging to 25/22 vibrational bands. The
Line positions transitions collected for 738 and 737 span the wavenumber regions 623—7888 and 624—6739 cm™!, respectively.
Transitions These spectroscopic networks determine 945 and 877 empirical rovibrational energy levels for 738 and 737,
MARVEL respectively, extracted with the help of the MARVEL (Measured Active Rotational-Vibrational Energy Levels)

protocol and code. The energy levels of 738/737 span the range of 0 —8762/0—7201 hc cm™' and the polyads
from O to 11 for 738 and from 0 to 10 for 737. A detailed comparison of the empirical rovibrational energy
levels of this study with their counterparts in two published databases, CDSD-296, and Ames-2021, shows very
good overall agreement.

1. Introduction Since the main isotopologue of CO,, 16012C!60 (626 in a shorthand

notation introduced by HITRAN [13]), has saturated absorption bands,

Despite being just a trace gas in the Earth’s atmosphere, carbon
dioxide, CO,, influences our planet’s radiation balance significantly
[1-5]. The rising concentration of CO, in the Earth’s atmosphere,
due mainly to fossil fuel combustion, impacts our ecosystem and the
climate, as well [6]. A key characteristic of CO,’s atmospheric presence
is the variation of its concentration over time [7]. Understanding
the spectroscopic properties of CO, [8,9], including the line center
positions of the rovibrational transitions of particular interest for this
study, is essential for measuring accurately CO, abundance and dis-
tribution in different environments, from the tropics to the poles.
These data are crucial for studying climate change and atmospheric
radiative balance [10]. Remote sensing missions, like NASA’s OCO-
2 and OCO-3 [4] and ESA’s CO2M [11] rely on the availability of
highly accurate spectroscopic data. Similarly, ground-based networks,
such as TCCON (Total Carbon Column Observing Network), provide es-
sential measurements for monitoring atmospheric CO, with increasing
accuracy [12].

* Corresponding authors.

spectroscopic characterization of minor carbon dioxide isotopologues
becomes especially important [14,15]. The optically thin absorption
features of carbon dioxide isotopologues allow for precise spectroscopic
measurements, making them valuable for tracking atmospheric CO,
variations. Although these isotopologue transitions contribute mini-
mally to radiative forcing, they possess distinct absorption lines that
are useful for tracing CO, sources and understanding atmospheric
dynamics. This enhances climate studies and atmospheric monitoring
efforts.

The present study focuses on rovibrational spectra measured, un-
der various conditions, by a number of different techniques, for the
eleventh and twelfth most abundant carbon dioxide isotopes, !7013C!80
and '703C!'70 (with HITRAN codes 738 and 737, respectively). A
significant number of high-resolution spectroscopic studies are avail-
able for both rare isotopologues [16-25]. Our main goal is to provide
expansive spectroscopic datasets for the 738 and 737 isotopologues.
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Table 1
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Some characteristics of validated rovibrational transition datasets used in our MARVEL studies of the 12 stable isotopologues of carbon dioxide [36-42] compared to those of two

spectroscopic databases, CDSD-296 [43] and HITRAN 2020 [13]. N, = the total number of transitions. N,

ortho (o) principal components of the spectroscopic networks. TW = this work.

p=p> No_p» and N,,_, are the number of transitions within the para (p) and

Isotopologue MARVEL CDSD-296 [43] HITRAN 2020 [13]

le Np—p Nu—a Np—o le Np—p Nu—u Np—a le Np—p Nu—u Np—a
16012¢1%0 (626) [36] 44821 44821 - - 282708 282708 - - 171604 171604 - -
16013¢'%0 (636) [37] 20790 20790 - - 301611 301611 - - 69749 69749 - -
160!2¢1%0 (628) [38] 33658 12661 12602 8395 690531 251720 251720 187272 121970 47729 47748 26493
160"2¢170 (627) [39] 16225 6691 6705 2829 632995 249198 249092 134705 73899 31411 31396 11092
16013¢™%0 (638) [40] 13384 5596 5689 2099 737955 270190 269998 197767 41048 17068 17036 6944
16018¢70 (637) [42] 5050 2279 2266 505 670253 264361 264327 141565 23608 10736 10723 2149
18012¢'80 (828) [41] 11653 11653 - - 301985 301985 - - 10498 10498 - -
17012¢180 (728) [41] 11340 4835 4840 1665 649258 256902 256859 135497 14624 6806 6793 1025
17012¢"70 (727) [42] 10252 4950 5302 - 506092 244489 261603 - 6494 3075 3419 -
18013¢80 (838) [41] 2425 2425 - - 321105 321105 - - 2927 2927 - -
1703¢¥0 (738) [TW] 2057 1075 982 - 687927 273850 273735 140342 3981 1975 1978 28
17018¢70 (737) [TW] 1822 901 921 - 542412 261727 280685 - 1502 710 792 -

Table 2

The number of empirical (MARVEL) rovibrational energy levels determined by our group for the twelve stable isotopologues of carbon dioxide
[37-42], and the maximum absolute (MAD) and average absolute (AAD) energy level differences, AE, in hc cm™, between the MARVEL studies
and those from Ames-2021 [34] and CDSD-296 [43]. Nat. abund. = natural abundance as given by HITRAN [13], TW = this work.

Isotopologue Nat. abund. No. of energy levels AENAD o AEMD o AERED 206 AESD oo
16012¢1%0 (626) [36] 9.842 x 107! 8268 0.147 0.015 0.077 0.001
16013¢1%0 (636) [37] 1.106 x 1072 6318 0.152 0.016 0.081 0.002
16012¢%0 (628) [38] 3.947 x 1073 8786 0.231 0.022 0.182 0.002
160'12¢170 (627) [39] 7.340 x 1074 5036 0.085 0.012 0.009 0.001
1603¢¥0 (638) [40] 4.434 %107 3975 0.151 0.024 0.268 0.002
16083¢70 (637) [42] 8.246 x 1070 1960 0.087 0.014 0.033 0.001
18012¢!80 (828) [41] 3.957 x 1076 3923 0.571 0.042 0.559 0.002
17012¢80 (728) [41] 1.472 x 1076 4318 0.109 0.024 0.046 0.001
1702¢"70 (727) [42] 1.368 x 1077 3278 0.105 0.017 0.017 0.001
18013C%0 (838) [41] 4.446 x 1078 1058 0.168 0.045 0.039 0.001
17013¢0 (738) [TW] 1.654 x 1078 945 0.123 0.029 0.014 0.001
17013¢70 (737) [TW] 1.538 x 107 877 0.071 0.018 0.008 0.001

In addition to that, this study is distinguished by two important fea-
tures. The first one is the use of accurately measured, validated line
positions with unique lower- and upper-state labels, while the sec-
ond one is the determination of empirical rovibrational energies with
experiment-based uncertainties. Determination of the energy levels
from the measured transitions is accomplished through the use of
the MARVEL (Measured Active Rotational-Vibrational Energy Levels)
procedure [26-30], which is based on the theory of spectroscopic
networks [31,32]. The resulting datasets can be used to refine line
lists such as those provided by HITRAN [13], NASA Ames [33,34],
and ExoMol [35], and support variational nuclear motion calculations.
This work is part of our systematic investigation of carbon dioxide
isotopologues, with results published for 626 [36], 636 [37], 628 [38],
627 [39], 638 [40], 838 [41], 728 [41], 828 [41], 637 [42], and
727 [42].

Since this study completes our MARVEL analysis of the high-
resolution spectra of the 12 stable isotopologues of carbon dioxide,
we also provide a brief summary of the validated measured transitions
of these 12 isotopologues in Tables 1 and 2, which concentrate on
transitions and energy levels, respectively. Table 1 compares charac-
teristics of measured transitions used in MARVEL with entries in the
CDSD-296 [43] and HITRAN 2020 [13] datasets. Comparing the total
number of transitions in the three datasets shows very clearly the lack
of experimental measurements and how nuclear spin isomerism affects
the distribution of the transitions within the various isotopologues.
Statistical measures concerning the empirical rovibrational energies
determined in our studies, with respect to the NASA Ames-2021 [34]
and the Carbon Dioxide Spectroscopic Databank (CDSD-296) [43]
datasets of energy levels, are listed in Table 2, and show that the
empirical energy levels agree with their CDSD-296 counterparts by an
order of magnitude better for all isotopologues.

2. Theoretical background
2.1. MARVEL

MARVEL [26-30,44] is a tool which can be used to efficiently
validate and analyze high-resolution spectroscopic line position mea-
surements and invert the information contained in them to determine
empirical energy levels. MARVEL works through the construction of a
“spectroscopic network” (SN) [31,32], where the energy levels form a
set of vertices, the transitions between them are the edges, and different
vertex and edge weights can be applied.

When transition measurements are collected for a MARVEL analysis,
one must ensure that each line has an accurate center position with an
associated uncertainty (the uncertainties of our input datasets are inter-
preted as expanded uncertainties with coverage factor k = 2, roughly
corresponding to a 95% confidence interval), and that the upper and
lower energy levels involved in the transition are labeled uniquely.
Based on the spectroscopic network created, MARVEL can identify most
of the inconsistencies in the transition dataset and, based on the vali-
dated transitions, it yields empirical energy levels through an inversion
protocol. Following the standard notation of graphs and networks [45],
a component of the SN refers to a self-contained set of energy levels
(vertices) interconnected through observed spectroscopic transitions
(edges). By definition, these components form isolated sub-networks
within the complete spectroscopic network and remain disconnected
due to symmetry reasons (e.g, nuclear spin isomerism, leading to
so-called principal components) or unobserved transitions (leading to
so-called floating components) [29]. One of the principal components
contains the root of the SN, that is the lowest-energy quantum state
of the molecule. The floating components [29] can be connected to
the root and the measured transitions using sufficiently accurate semi-
empirical data (coming from perhaps effective Hamiltonian fits) or, for
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some molecules, by using the known quasi-degeneracy of certain highly
excited quantum states [46].
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2.3. Selection rules

Variational quantum-chemical approaches solving the nuclear Schrodinger For all asymmetric CO, isotopologues, the equilibrium geometry

equation yield energy levels with rather limited accuracy when com-
pared to spectroscopic measurements, even when the potential energy
surface is extremely close to the complete basis set full configuration
interaction limit [47,48]. In contrast, the accuracy of the empirical
(MARVEL) energy levels is not restricted by assumptions other than
the validity of the Ritz principle [49] and, of course, the accuracy of
the measurements. This allows the transfer of experimental accuracy
to the empirical energy levels during a MARVEL analysis. There is
an important caveat, however, namely that this also allows MARVEL
to accept transitions that might break standard quantum-mechanical
selection rules or are incorrect otherwise, as long as the transition is
not in conflict with other entries in the dataset. Comparisons with
independent (theoretical) sources of energy levels can be used to
identify such problems.

In this study, we used the latest version of the MARVEL code,
MARVEL4 [44]. MARVEL4 has an option to use an adaptation of the
bootstrap method to give final uncertainties for the energy levels; our
final energy levels are given with expanded uncertainties obtained
using this procedure.

2.2. Rovibrational quantum numbers

As noted above, MARVEL knows nothing about the detailed rules
of quantum mechanics. Thus, to ensure a meaningful validation of
the measured transitions during a MARVEL run, it is essential to keep
energy level labeling consistent across the dataset (though this in itself
does not prevent acceptance of incorrect transitions, which requires a
careful validation procedure).

To describe the vibrational quantum states of CO,, we have adopted
the AFGL (Air Force Geophysics Laboratory) notation [50-52]. This
system avoids super- and subscripts, making it especially suitable for
electronic databases. Thus, the vibrational states are represented by
the quantum numbers v; (symmetric stretch), v, and /, (representing
a doubly degenerate bend), and v; (antisymmetric stretch). Addition-
ally, a ranking index r helps to account for Fermi resonances, which
complicate considerably the interpretation of the rovibrational spectra
of CO, [50]. The index r ranges from 1 to v, + 1 [52-54].

Unlike for most small molecules, for CO, there have been multiple
choices for P, the polyad number, which is the sum of quantum num-
bers multiplied by specific weights, helping to describe the structure of
the vibrational states [55-58]. In this study, following AFGL, we use the
expression P = 2v; + v, +3v;. To fully describe the rovibrational states
of CO,, two more descriptors are required, J, the rotational quantum
number (an exact quantum number), and p, representing rotationless
parity, labeled as ‘¢’ or ‘f’.

Thus, the full label for a rovibrational quantum state is written
as (J v; vy 1, v3rp), and the same descriptors have been applied to all
twelve isotopologues of carbon dioxide. A key rule in AFGL notation
is that v, and /, are always equal. Unlike the standard (Herzberg)
notation, which can cause shifts in energy level ordering across iso-
topologues, the AFGL notation maintains a consistent structure, though
it introduces an extra descriptor.

There are several additional points to note about the descriptors
used; these translate to rules which are especially useful to check the
transitions found in the literature. First, non-degenerate states, where
v, = I, = 0, always have parity ‘e’; thus, some sources even omit this
parity label. Second, states with /, > 0 have both ‘e’ and ‘ /’ parity states
for each J. Third, J must be at least as large as /,, meaning vibrational
states with /, > 0 do not have a J =0 level.

belongs to the C,,, point group, which means that there are no formal
selection rules on vibrational transitions. The rotational state selection
rules for one-photon dipole-allowed transitions are 4J = 0,+1, and
when

AT =0; eof, (@)

meaning that the rotationless parity changes between the initial and
the final states in the Q branch, whereas when

Al ==+1; eoe fof 2

indicating no rotationless parity change in the P and R branches.

Unlike for the symmetric 626 isotopologue, where all nuclear spins
are zero and half the levels are missing due to the Pauli principle,
all levels are allowed for both 737 and 738. In particular, 737, as a
symmetric molecule, has constraints placed on it by the Pauli principle,
leading to distinct ortho and para components in its spectroscopic net-
work, which have to be linked using a theoretically-determined “magic
number” which gives the energy difference of the roots of the ortho and
para principal components. Because 170 has nuclear spin I =5/2 (i.e.,
greater than zero), there are ortho levels when (J + v5 + ¢, + p) is odd,
with a weight of 21, and para levels when (J + v; + £, + p) is even,
with a weight of 15 (or a 7:5 weighting). In these expressions p = 0
for e rotationless parity states and 1 for f rotationless parity with total
parity given by (—1)/+2.

3. Experimental studies of line positions

For 738/737, a total of 2058/1831 transitions were collected from
10/5 sources. Table 3 summarizes the most relevant characteristics of
these sources. The wavenumber range covered is 624-7888 cm™! for
738 and 6246739 cm™! for 737. Among all the measured transitions,
only 1488 and 1349 are unique for 738 and 737, respectively. All of
the collected transitions are available in the Supplementary Material in
the input files “transitions_738.txt”/“transitions_737.txt”; these are the
files used during the MARVEL analysis. In these files, each transition
is characterized by (a) a line position (in units that are indicated in
the segment file), (b) an initial and an adjusted, expanded (two-sigma)
uncertainty for the line position (the adjusted uncertainty is the one
which ensures that the final set of input transitions is self-consistent),
(c) the rovibrational assignments of the upper and lower states (see
Section 2.2 for a description of the labels of the quantum states and
Section 2.3 for the selection rules), and (d) a line tag, a metadata string
providing a unique identifier (for multi-author publications, each tag
contains the last two digits of the year of the publication and the first
two characters of the last names of the authors, up to the first four
authors) plus a sequence number for each line.

The spectroscopic network of 738 has two large components, one
with 430 and another with 495 energy levels. Although 738 is asym-
metric, these two SNs correspond to what would be para and ortho
sets in 737, showing that for 738 breaking the symmetry leads to new
transitions that are too weak to have been observed up until now. To
connect the large two components we use the CDSD-296 energy value,
0.713887 hcem™!, for the J = 1 level with an estimated expanded
uncertainty of 5x 107 hc cm~'. The expanded SN of 738 contains two
smaller floating components, as well, both with 10 energy levels. We
added two further artificial transitions, with an expanded uncertainty
of 0.005 cm~!, using rotational energy values from the CDSD-296
database to link these smaller floating components to the unified princi-
pal component of 738. In the transitions file, these artificial transitions
are tagged as ‘19CDSD’.

The spectroscopic network of the experimentally measured tran-
sitions of 170!3C!70 is made up of several components. The largest
components contain 320, 319, 82, 80, 17, 16, and 15 rovibrational
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Table 3
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17013¢!80 (738) and '70'3C'70 (737) data sources used in this work and their characteristics, including the number of measured (A), floating
(F), validated (V), and deleted (D) transitions, while U is the average expanded ‘claimed source’ uncertainty, and UMS is the average expanded

‘MARVEL-suggested source’ uncertainty of the transitions of the given source.

Isotopologue Source Range/cm™! A/F/V /D U /em™! UMS/em™1
7013¢'80 98TeClVa [25] 623.64-2285.13 89/0/89/0 2.5 x 107* 3.1 x 107
(738) 12LyKaJaLu [18] 2181.99-4798.25 727/82/645/0 1.1 x 1073 1.2 x 1073
14BoJaLyTa [19] 3390.63-4681.03 557/83/474/0 2.1 x 107* 2.0 x 10~
15BoJaLyTa [21] 4738.98-4911.67 99/0/99/0 4.1 x 107 7.1 x 107
19MoKaPeTa [24] 5748.47-5850.02 53/0/53/0 1.0 x 1073 1.0 x 1073
18KaCeMoKa [23] 5796.99-5851.32 20/0/20/0 1.0 x 1073 1.0 x 1073
14KaCaMoKa [20] 5934.73-6714.19 273/3/270/0 1.0 x 1073 1.2 x 1073
08PePeCa [16] 5946.42-6714.19 130/0/130/0 1.0 x 1073 1.2 x 1073
17KaCaKaTa [22] 7815.54-7887.65 77/0/77/0 1.0 x 1073 1.1 x 1073
10CaSoMoPe [17] 7837.44-7886.66 30/0/30/0 8.0 x 107 1.1 x 1073
7013¢70 98TeClVa [25] 624.16-2292.55 90/1/89/0 2.5 x 107* 2.5 x 107
(737) 12LyKaJaLu [18] 1967.02-6739.01 952/122/830/0 1.1 x 1073 1.1 x 1073
14BoJaLyTa [19] 3406.30-4681.17 579/98/481/0 1.6 x 1074 1.4 x 107*
15BoJaLyTa [21] 4681.93-4946.62 169/0/169/0 1.0 x 1073 1.2 x 1073
19MoKaPeTa [24] 5780.08-5849.18 26/1/25/0 1.0 x 1073 1.0 x 1073
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Fig. 1. The number of transitions incident to each energy level as a function of the
empirical rovibrational energy determined in this study for 170'3C'80 (738, green dots)
and 17013C170 (737, red dots).

energy levels. The first two energy sets form the ortho and para prin-
cipal components of the spectroscopic network. To connect them, we
use what we call a “magic number”, corresponding to an artificial
transition that connects the lowest energy levels of the ortho and para
principal components. In other words, our aim is to know the absolute
value of the lowest energy level of the ortho principal component (that
of the para principal component is set to zero with zero uncertainty
by definition). This value, 0.734423 hccm™!, is taken from CDSD-
296 [43]. Our previous experience [38] suggests that the deviation
of this MARVEL energy from the CDSD-296 result is on the order of
107% hccm™!; thus, the uncertainty of this magic number is set to
5 x 107 hcem™!. To link the larger floating components to the ortho
and para principal components, we chose 14 artificial transitions, with
an expanded uncertainty of 0.005 cm™!, using rotational energy values
from the CDSD-296 database. In the transition file, these artificial
transitions are tagged as ‘19CDSD’.

4. Results and discussion
4.1. Energy levels

Using the MARVEL procedure, 945/877 empirical rovibrational
energy levels are determined by 2058(1488)/1831(1349) measured

Fig. 2. Energy levels determined using MARVEL as function of the rotational quantum
number J for 70'3C!80 (738, green dots) and 70'3C70 (737, red dots).

(unique) observed transitions for 738/737, respectively. All these en-
ergy levels are available in the files “Energylevels_738.txt” and “En-
ergylevels_737.txt” of the Supplementary Material. Each energy level
of these data files is characterized by (a) a rovibrational label, (b) an
empirical (MARVEL) energy (in hccm™!), (c) an expanded (two-sigma)
energy uncertainty (in hccm™!), and (d) the number of transitions
incident to this state.

Fig. 1 shows the number of transitions incident to each energy level
and their distribution as a function of energy. This figure confirms that
the degree distribution of the nodes of spectroscopic networks formed
by experimentally measured transitions appears to be heavy tailed [59].

The empirical rovibrational energy levels determined in this study
have J values up to 65 for 738 and up to 59 for 737, as seen in Fig. 2.
Each dotted curve in Fig. 2 corresponds to a vibrational band, with the
dots representing different J values. The stacks of energy levels clearly
show the semirigid character of the CO, molecule and that there are
missing empirical energy levels even for low J values.

Fig. 3 shows the polyad numbers, P = 2v; + v, + 3vs3, of the
empirical rovibrational energy levels as a function of their energy. The
P values range from 0 to 11 for 738 and from O to 10 for 737. Note
the nearly linear, stepwise increase of P with the increase of the energy
values and the significant overlaps in the energies. Fig. 3 also illustrates
the distribution of the derived energy levels over Fermi resonances as
characterized by the resonance number r.
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Fig. 3. Polyad number, P = 2v, + v, + 3v;, (left panel) and Fermi number r for each rovibrational energy level determined in this study, using MARVEL, for 170'3C'®0 (738) and

17013170 (737).
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Fig. 4. Comparison between the empirical rovibrational energies of the present
17013C180 dataset with those of CDSD-296 [43] (blue squares) and Ames-2021 [34]
(red circles).

4.2. Comparison with the CDSD-296 and Ames-2021 databases

We have made detailed comparisons of the empirical rovibrational
energy levels determined in this study with their counterparst in the
CDSD-296 [43] and Ames-2021 [34] datasets by matching the quantum
numbers of individual levels. Fig. 4 shows the absolute deviations of the
rovibrational energy levels of 170'3C'80 between the MARVEL and the
CDSD-296 [43] and Ames-2021 [34] datasets. The root-mean-square
deviations of the present MARVEL and the CDSD-296 and AMES-2021
energies are 0.0020 and 0.0379 hccm™!, respectively. We found only
one transition whose wavenumber value differs from the CDSD-296
result by more than 0.01 cm~!. This is the (4930013 ¢) «<(4800
0 0 1 e) transition reported by 14KaCaMoKa [20]: its experimentally
measured wavenumber is 6002.2253(10) cm~!, while its CDSD-296
line position is 6002.212631 cm™!. Since this transition is the only
one that determines the value of (49 3 0 0 1 3 ¢) energy levels, we
cannot determine whether the experimental or the CDSD line position
is correct.

Fig. 5 is similar to Fig. 4, it shows the absolute deviations of the
rovibrational energy levels of 170!3C170 between the MARVEL and the
CDSD-296 and Ames-2021 datasets. The root-mean-square deviations of
the present MARVEL and the CDSD-296 and AMES-2021 energies are
0.0020 and 0.0242 hccm™!, respectively. It can also be seen from Fig.
5 that there is no MARVEL energy level that differs from its CDSD-296
counterpart by more than 0.01 Accm™!.
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Fig. 5. Comparison between the empirical rovibrational energies of the present
17013C170 dataset with those of CDSD-296 [43] (blue squares) and Ames-2021 [34]
(red circles).

5. Summary and conclusions

This study presented a comprehensive analysis of all the available
high-resolution, rovibrational transitions of the eleventh and twelfth
most abundant, triply substituted isotopologues of carbon dioxide,
17013¢180 and 70!3C170. For this analysis, the MARVEL algorithm
and code [26-28,44] were employed. The transitions forming the basis
of the MARVEL analysis were the 2058/1831 measured transitions
collected from 10/5 literature sources for the 738/737 isotopologues.

The transitions collected cover the wavenumber range of 624-7888
hcem™! for 738, and 624-6739 hc cm™! for 737. The number of unique
transitions this datasets contain is 1488/1349 for 738/737. None of
the transitions collected had to be excluded from our final analysis.
As a result, 945/877 empirical rovibrational energy levels, extending
up to 8762 hcem™! for 738 and up to 7201 hcem™! for 737, were
determined. The average expanded uncertainty of the levels is 9 x
10~* hccm™! for 738, and 2 x 1073 hccm™! for 737.

Comparisons with this and our previous studies of CO, isotopo-
logues with datasets provided by NASA Ames and CDSD-296, see Table
2, show that for the twelve stable CO, isotopologues, agreement with
the CDSD-296 data is significantly better, by more than an order of
magnitude on average for the absolute deviation. While the CDSD-296
results are based on isotopologue-specific effective Hamiltonian fits to
the experimental results, the NASA Ames calculations are performed
using a single potential energy surface tuned to reproduce these results.
The NASA Ames procedure therefore implicitly assumes the validity of
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the Born-Oppenheimer approximation; the variation of the differences
between our MARVEL energy levels and these results therefore gives
an indication about the accuracy of this fundamental approximation
of quantum chemistry. It is our intention to use the complete set of
empirical energy levels derived by our MARVEL studies on the twelve
stable isotopologues of CO, as a starting point to try and model effects
beyond the Born-Oppenheimer approximation in molecules which do
not contain hydrogen.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jqsrt.2025.109485.

Data availability

The MARVEL input file, including all the transitions, and the MAR-
VEL output file, with all the energy levels, are supplied as Supple-
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the empirical energy levels have expanded (two-sigma) uncertainties
attached to them.
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