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bstract

or three rare isotopologues of carbon dioxide, 18O12C18O (828, according to a well-established shorthand notation),
7O12C18O (728), and 18O13C18O (838), 3923, 4318, and 1058 empirical rovibrational energy levels, respectively, are
etermined, using the MARVEL (Measured Active Rotational-Vibratioal Energy Levels) protocol and code. For the iso-
opologues 828/728/838, the analysis of their spectroscopic network is based on 11 353(7665)/11 313(7700)/2155(1595)
easured(unique) transitions, belonging to 165/113/50 vibrational bands, respectively. The measured transitions col-

ected from the literature span the regions 953–12 570 cm−1 (for 828), 628–8197 cm−1 (for 728), and 600–7918 cm−1

for 838). The number of critically evaluated and recommended energy levels of this study are 3923, 4318, and 1058
or the 828, 728, and 838 isotopologues of CO2, respectively. Comparison of the empirical rovibrational energy levels
etermined in this study with their counterparts in two published databases, CDSD-2019 and Ames-2021, shows very
ood overall agreement.

ey words: empirical rovibrational energy levels, CO2 isotopologues, line positions, MARVEL
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. Introduction

Carbon dioxide, CO2, is one of the most important constituents of a large number of planetary atmospheres. It
as important role in the radiative balance of even the Earth’s atmosphere, where it has a relatively low abundance
ompared to the atmospheres of the neighboring planets Venus and Mars. The rapidly increasing concentration of CO2 in
he Earth’s atmosphere is of considerable concern for humanity and, consequently, the international scientific community
1].

Accurate knowledge of the spectroscopic properties of the carbon dioxide molecule, whether it is in itself or part of
tmospheres of different constitution, is a minimum requirement for understanding the greenhouse effect and the evolution
f planetary atmospheres. It is therefore important to have complete and accurate data sets helping CO2-monitoring
xperiments, such as NASA’s Orbiting Carbon Observatories OCO-2 and OCO-3 [2]. Given that the key, long-wavelength
ands of the parent isotopologue, 12C16O2 (usually abbreviated as 626, following the well-accepted HITRAN [3] parlance,
lso employed in this paper), are largely saturated in the Earth’s atmosphere [4], absorption by minor CO2 isotopologues
ecomes a significant issue. This is made more important as any increase in the abundances of the minor isotopologues
ontributes more to radiative forcing than increases in the concentration of the parent isotopologue. Furthermore, as
bsorption by the minor species is optically thin, they are ideal candidates to monitor CO2 column densities.

Research on CO2 spectroscopy is very important to support atmospheric remote sensing of the terrestrial planets,
uch as Mars and Venus, as well, where this gas is the principal constituent of the atmosphere (95 % of the much thinner
ir in the case of Mars). The first spectroscopic observations of the atmosphere of Venus, with a resolution of 0.1 cm−1

5], were performed in 1966. Several years later a higher resolution (0.015 cm−1) spectrum of the atmosphere of Venus
as obtained and analysed [6, 7]. The windows of the Venus atmosphere at 1.74 µm (5747 cm−1) and 2.25 µm (4444
m−1) are of special importance, as a series of vibrational bands of CO2 are located within these two regions. Strong
election rules apply for symmetric CO2 species, whose relaxation in asymmetric isotopologues increases the importance
f these trace species. Thus the many more allowed rovibrational transitions of 728 make their relative contributions,
n the two windows mentioned significantly more important than they would be based on the relative abundance of this
inor isotopologue.

In this study, we continue the investigation of the empirical rovibrational energy levels of carbon dioxide isotopologues,
ased on all the experimental transitions available in the literature. Recently, the empirical energy levels of 16O12C18O
628) [8] and 16O13C16O (636) [9] were determined by us using a procedure similar to what is followed in this study. The
resent contribution extends our work to two symmetric carbon dioxide isotopologues, 18O12C18O (828) and 18O13C18O
838), as well as to the asymmetric isotopologue 17O12C18O (728). All these isotopologues have very low natural
bundances, which are 0.000 395 7 % for 828 (the 7th in order), 0.000 147 2 % for 728 (the 8th in order), and 0.000 000 044 %
or 838 (the 10th in order of CO2 isotopologues). We also note that a MARVEL study of the parent isotopologue
6O12C16O (626) has just been completed by our groups [10].

This paper is devoted to the construction of the most extensive empirical energy levels data set, calculated from
ine positions in high-resolution rovibrational absorption spectra, for the 828, 838, and 728 isotopologues of carbon
ioxide (this study is part of an ongoing project of the three groups involved to determine the empirical energy levels for
sotopologues of CO2 involving 12C, 13C, 16O, 17O, and 18O isotopes). Like the other subprojects, the empirical energy
evels for the 828, 838, and 728 isotopologues are calculated using the MARVEL 4.0 (Measured Active Rotational-
ibrational Energy Levels) procedure [11–13], built upon the theory of spectroscopic networks [14, 15].

. Notation and Quantum Numbers

CO2 has three fundamental vibrational modes, conventionally denoted as ν1, ν2, and ν3, associated with the vi-
rational quantum numbers vi, i = 1, 2, and 3, respectively. The two-dimensional (degenerate) bending mode, ν2, is
haracterized by an angular momentum, described by the quantum number `2. Herzberg’s notation is often used to
ssign energy levels in triatomics; in this notation, the vibrational states of CO2 are designated as (v1, v

`
2, v3). For

he CO2 molecule with a linear equilibrium structure in its ground electronic state, there is a strong Fermi-resonance
nteraction between states (v1, (v2 + 2)`, v3) and (v1 + 1, v`2, v3). Therefore, it became customary to employ the so-called
FGL (Air Force Geophysics Laboratory) notation to denote the vibrational states and bands of CO2 isotopologues.

n the AFGL notation [16–18], the vibrational energy levels are designated by the quintuplet (v1, v2, `2, v3, r), where r
s the ranking index for states in Fermi resonance (the r index is used to distinguish the levels belonging to the same
ermi polyad). The lowest value of r, 1, is assigned to the energy level with the highest wavenumber (or frequency),
nd r increases for lower-energy levels. For example, the three vibrational states (2000), (1200), and (0400) are in Fermi
esonance with each other and have the AFGL vibrational descriptors (2 0 0 0 3), (2 0 0 0 2), and (2 0 0 0 1), respectively.

It is customary to use polyad numbers, P , to denote strongly interacting groups of vibrational states, decoupling
hem from the other vibrations, a useful concept especially when effective Hamiltonians are formed. P is not a quantum
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umber, but it behaves like one. For carbon dioxide, based on the approximate relations of the harmonic frequencies,

1 ≈ 2ω2 and ω3 ≈ 3ω2, the widely accepted definition of P , also utilized in this study, is P = 2v1 + v2 + 3v3.
As usual in molecular spectroscopy, J is used to denote the quantum number associated with the rotational angular

omentum of the CO2 molecule. Transitions with ∆J = −1 are called the P-branch transitions and those with ∆J = +1
re called R-branch transitions, while the Q-branch transitions are associated with ∆J = 0. P and R transitions occur
n both parallel and perpendicular bands, while Q branch transitions only occur in parallel bands, where the direction
efers to the change in the dipole moment driving the transition relative to the linear (equilibrium) molecule. For the
ymmetric isotopologues 828 and 838, half of the rotational levels are missing due to the Pauli exclusion principle:
ymmetric vibrational states (those with even v3 values) only have even J levels, while anti-symmetric vibrational states
with odd v3 values) have only odd J levels. Similarly, for states with even J + `2 +v3 the rotationless parity is ‘e’, while
or states with odd J + `2 + v3 values the rotationless parity is ‘f’. For the asymmetric 728 isotopologue, all J levels are
resent, and bands with l2 > 0 display l-type doubling, giving both e and f levels for each J . Note that l-type doubling
epends on J ; for some J values, e and f lines sometimes become very close together and cannot be resolved. For all
sotopologues levels with J smaller than l2 can not occur.

The upper and lower states involved in a transition are denoted as ′ and ′′, respectively, and the P, R, and Q transitions
re usually specified using the lower-state rotational quantum number (J ′′). For the purposes of the MARVEL analysis,
ach state is uniquely characterized using the set of descriptors (v1, v2, `2, v3, r, J, e/f).

. MARVEL

The MARVEL procedure [11–13], used extensively during this study, starts with the careful collection, detailed
xamination, and subsequent validation of the positions of transitions in high-resolution (laboratory) spectra. The
ransitions collected are then used to construct a spectroscopic network (SN), whereby each energy level serves as a
ode, and the nodes are interconnected by the observed transitions. The SN built allows the determination of empirical
nergy-level values along with educated estimates for their uncertainties [19]. Unlike effective Hamiltonians, the MARVEL
pproach is model free. This has a number of advantages and in particular for the CO2 molecule with its many resonances,
ARVEL does not require any special measures of extra parameters to characterize levels perturbed by “accidental”

nteractions with those from nearby vibrational states.
Ideally, the experimentally observed transitions allow the creation of a well-connected SN, linking all transitions to

he ground state (defined as the state with no rovibrational excitation), also called the root of the SN. However, due to
he limited coverage offered by experimental data, usually this is not the case. Therefore, in practice, the SN becomes
ragmented, resulting in a principal component, where all the nodes are linked to the root, and a number of isolated,
o-called floating components with their own roots. The very nature of these floating components makes it uncertain
hether their constituent lines align with all the other spectroscopic data, meaning that these lines are not validated
t the end of a MARVEL analysis. When floating components contain a substantial number of transitions, it may be
dvantageous to connect them to the principal component(s) through accurately-known semi-empirical lines. In addition,
n certain cases it is worth adding very precisely calculated lines to MARVEL datasets, lines which have uncertainties
rders of magnitude smaller than the uncertainties of the measured transitions; thus, these calculated transitions can
elp to verify measured transitions.

The MARVEL protocol allows the detection of inconsistencies, that is lines which are in conflict with the correct
ata. This feature proves invaluable for identifying issues with experimental data usually coming from several sources,
hether stemming from user mistakes during data collection and analysis, incorrect assignments, or the use of different
aming conventions.

. Results and Discussion

The results obtained in this study for the three isotopologues of CO2 studied will be discussed separately. Nevertheless,
o save space, Table 1, describing the experimental sources of rovibrational transitions utilized during this study, as well
s some of the figures, contain results for all three isotopologues.

.1. 18O12C18O (828)

As mentioned in Sec. 3, it is sometimes useful and practical to add accurate calculated transitions to experimental
ata collected for a MARVEL analysis. For 828, out of the 11 654 transitions in our database (see Supplementary
nformation), there are 11 306 experimentally measured transitions [22–26, 28–38], spanning the region 953–12 570 cm−1,
31 highly accurate calculated transitions from three sources [20, 21, 27], and 17 Carbon Dioxide Spectroscopic Databank
CDSD-19) [49] transitions.
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able 1: Experimental sources of rovibrational transitions of the isotopologues 18O12C18O, 17O12C18O and 18O13C18O, and some charac-
eristics of the lines they contain.a

Isotopologue Source Range / cm−1 A/V/D CSU MSU

828 94MaChEvZi Calc [20] 902.13–1120.62 142/142/0 1.8×10−6 1.8×10−6

86BrSoFr Calc [21] 913.45–1116.05 122/122/0 6.7×10−7 6.7×10−7

99ClTeHuVa [22] 953.44–1101.70 20/20/0 2.5×10−4 2.5×10−4

12LyKaJaLu [23] 1839.89–6882.94 798/798/0 1.0×10−3 1.2×10−3

83EsRo [24] 2177.70–2356.28 541/541/0 4.0×10−4 6.1×10−4

86EsSaRoVa [25] 2177.70–3678.03 677/677/0 1.0×10−3 1.2×10−3

07ToMiBrDe [26] 2229.23–6883.13 1349/1349/0 2.1×10−3 2.1×10−3

15ElSuMi Calc [27] 2252.47-2346.65 67/67/0 2.4×10−6 4.8×10−6

14BoJaLyTa [28] 3234.60-4680.88 460/460/0 3.0×10−4 4.6×10−4

86EsRo [29] 3470.94-3678.03 136/136/0 4.0×10−4 1.1×10−3

12JaGuLyKa [30] 3473.13-5009.21 106/106/0 5.6×10−4 5.6×10−4

16VaKoMoKa [31] 4297.21-4378.09 75/75/0 1.0×10−3 1.1×10−3

08WaPeTaSo [32] 4613.11-8162.85 1898/1898/0 1.0×10−3 1.2×10−3

15BoJaLyTa [33] 4681.57-5018.43 231/231/0 1.7×10−4 2.8×10−4

18KaCeMoKa [34] 5702.94-5878.26 667/667/0 1.0×10−3 1.0×10−3

14KaCaMoKab [35] 5851.52-6883.26 2837/2837/0 1.0×10−3 1.0×10−3

17KaCaKaTa [36] 6978.01-7917.58 1381/1381/0 1.0×10−3 1.0×10−3

16SeSiLuBo [37] 11262.61-11335.04 47/47/0 8.0×10−3 8.0×10−3

13PaLiLuLi [38] 12392.20-12569.33 83/83/0 3.0×10−3 3.0×10−3

728 80ReFlGo [39] 628.43-692.65 78/78/0 3.0×10−3 4.7×10−3

99ClTeHuVa [22] 939.72-1105.03 86/86/0 5.0×10−5 6.1×10−5

12LyKaJaLu [23] 1844.81-6908.44 3213/3213/0 1.0×10−3 1.1×10−3

07ToMiBrDe [26] 2257.96-5040.78 696/696/0 1.1×10−3 1.2×10−3

12JaGuLyKa [30] 2268.72-5043.60 393/393/0 5.6×10−4 5.6×10−4

14ElSuMi [40] 2268.72-2355.62 55/55/0 3.0×10−6 3.0×10−6

14BoJaLyTa [28] 3214.92-4681.26 1905/1905/0 3.0×10−4 4.7×10−4

16VaKoMoKa [31] 4298.10-4342.86 44/44/0 2.0×10−3 2.0×10−3

15BoJaLyTa [33] 4681.26-5270.38 983/983/0 2.1×10−4 3.4×10−4

18KaCeMoKa [34] 5704.72-5878.70 397/397/0 1.0×10−3 1.1×10−3

19MoKaPeTa [41] 5706.98-5849.97 563/563/0 1.0×10−3 1.1×10−3

14KaCaMoKa [42] 5868.12-6908.44 1786/1786/0 1.0×10−3 1.0×10−3

15JaBoLyTa [43] 6027.07-6235.26 171/171/0 5.6×10−4 6.0×10−4

11VaKaHe [44] 6078.56-6100.14 40/40/0 2.0×10−3 5.9×10−3

17KaCaKaTa [36] 6996.61-7808.67 761/761/0 1.0×10−3 1.0×10−3

13GoHeLy [45] 8035.75-8196.67 142/142/0 2.0×10−3 2.2×10−3

838 80ReFlGo [39] 600.48-2282.35 118/118/0 4.0×10−3 1.2×10−2

94MaChEvZi Calc [20] 866.19-1062.79 142/142/0 2.6×10−6 2.6×10−6

86BrSoFr Calc [21] 876.88-1058.51 122/122/0 5.7×10−7 5.7×10−7

08ToMiBrDe [46] 2180.89-4888.38 321/321/0 1.1×10−3 1.2×10−3

12LyKaJaLu [23] 2181.95-3473.40 249/249/0 1.0×10−3 1.1×10−3

14BoJaLyTa [28] 3384.72-3572.99 141/141/0 3.0×10−4 3.2×10−4

16VaKoMoKa [31] 4318.83-4377.24 25/25/0 1.0×10−3 2.0×10−3

15BoJaLyTa [33] 4746.17-4755.53 7/7/0 6.1×10−4 6.1×10−4

18KaCeMoKa [34] 5703.23-5877.05 184/184/0 1.0×10−3 1.0×10−3

14KaCaMoKab [35] 5867.95-6688.20 538/538/0 1.0×10−3 1.1×10−3

08PePeCa [47] 5880.44-6688.20 170/170/0 1.3×10−3 1.5×10−3

17KaCaKaTa [36] 7057.01-7917.09 350/350/0 1.0×10−3 1.0×10−3

10CaSoMoPe [48] 7785.13-7916.86 52/52/0 8.0×10−4 1.0×10−3

A/V/D = Available/Validated/Deleted transitions. CSU = Average claimed source uncertainty. MSU = Average MARVEL-suggested

ource uncertainty.

A considerable number of experimental spectra have been published for the 828 isotopologue of carbon dioxide
etween 1983 and 2018 [22–26, 28–38]. Some of the most important characteristics of the literature sources utilized
uring this study are summarized in Table 1. The total number of the known experimental transitions is 7665 with the
aximum polyad number Pmax = 17. These transitions determine 3923 empirical rovibrational energy levels which are

epresented by black dots in Fig. 1. These empirical energy levels have Jmax = 87, see Figs. 2 and 3. To minimize the
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igure 1: Number of transitions used during the MARVEL analysis to determine each energy level versus the energy levels calculated for the
arbon dioxide isotopologues 18O12C18O (828), 17O12C18O (728), and 18O13C18O (838).

igure 2: Rotational quantum number, J , for each calculated energy level versus the energy levels calculated using MARVEL for the
8O12C18O (828), 17O12C18O (728), and 18O13C18O (838) isotopologues of carbon dioxide.

5



Journal Pre-proof

F
(

n
o
m
o

1
l
c
S

4

o
o
o
7
s

l
c
e
t

4

t
l
M
 Jo

ur
na

l P
re

-p
ro

of
igure 3: Polyad number (P = 2v1 + v2 + 3v3) for each calculated energy level for 18O12C18O (828), 17O12C18O (728), and 18O13C18O
838) versus the energy levels calculated using MARVEL.

umber of measured transitions which are rejected during the MARVEL analysis, we had to relabel seven transitions
f the source 08WaPeTaSo [32]. The wavenumbers of the transitions in question could be found, with almost perfect
atches, in the database CDSD-19 [49]; thus, we used the labels of these transitions in our MARVEL input file (the tag

f these lines contains ‘relab’).
The SN of the experimentally measured transitions of 828 contains six larger floating components, with 145, 16, 15, 11,

0, and 10 rovibrational quantum states. To connect these FCs to the principal component, we used calculated energy
evels from CDSD-19 [49]. Using these energy values of CDSD-19, we added 17 artificial transitions, with 5 × 10−3

m−1 uncertainty, to our experimental database. These transitions are tagged ‘19CDSD’ in the transitions file (see
upplementary Material).

.2. 17O12C18O (728)

For 728, rovibrational transitions, spanning the region 628–8197 cm−1, have been recorded and analyzed by a number
f research groups [22, 23, 26, 28, 30, 31, 33, 34, 36, 39–45]. We were able to collect 11 353 transitions for this isotopologue,
f which 7700 are unique. For the observed transitions, Pmax = 11. The middle part of Table 1 summarizes characteristics
f the 16 literature sources utilized. In this study, 4318 empirical rovibrational energy levels could be determined for
28 using all the collected observed transitions, see the red dots of Fig. 1. These empirical energy levels have Jmax = 78,
ee Fig. 2, and Pmax = 13, see Fig. 3.

The SN of the experimentally measured transitions of 728 contains five large FCs, among them two are unusually
arge. These floating components contain 250, 230, 15, 10, and 10 rovibrational energy levels. To connect these floating
omponents to the principal component, we used, once again, the calculated energy levels of CDSD-19 [49]. Using the
nergy values of CDSD-19, we created 26 artificial transitions, with 5× 10−3 cm−1 uncertainty, tagged ‘19CDSD’ in the
ransitions file (see Supplementary Information).

.3. 18O13C18O (838)

In the case of the 838 isotopologue of carbon dioxide, we could collect 2155 experimentally measured transitions from
he literature [23, 28, 31, 33–36, 39, 46–48], while the number of unique transitions is only 1595 (for details, see the
ower part of Table 1). Beyond the experimental results, we added 264 calculated lines from two sources [20, 21] to the

ARVEL 838 database, since the accuracy of these calculated lines is much better than that of some of the measured

6
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igure 4: Fermi number, r, for each calculated energy level versus the energy levels calculated using MARVEL for the carbon dioxide

sotopologues 18O12C18O (828), 17O12C18O (728), and 18O13C18O (838).

ines. The transitions detected span the wavenumber range 601–7918 cm−1, with Pmax = 11. The observed transitions
etermine 1058 empirical rovibrational energy levels, see the green dots of Fig. 1. These empirical energy levels are
haracterized by Jmax = 75, see Fig. 2, and Pmax = 16, see Fig. 3.

The SN of the experimentally measured transitions of 838 contains two large floating components. These components
ontain 198 and 11 rovibrational energy levels. To connect these floating components to the principal component, we
sed, similar to the two previous cases, calculated energy levels from CDSD-19 [49]. Using the energy values of CDSD-19,
e created seven artificial transitions (with 5× 10−3 cm−1 uncertainty); they are tagged as ‘19CDSD’ in the transitions
le.

Figure 4 illustrates the distribution of the derived energy levels over Fermi resonances as characterized by the
esonance number r.

. Comparison with databases CDSD-19, Ames-2021, and HITRAN2020

Comparing empirical energy levels with energy levels available in different spectroscopic databases is always insightful
nd can serve multiple purposes. For the carbon dioxide isotopologues studied, this comparison can be done with respect
o the databases CDSD-19 [49], Ames-2021 [50], and HITRAN 2020 [3].

.1. 18O12C18O (828)

Figure 5 shows the absolute deviations between MARVEL and the CDSD-2019 and Ames-2021 datasets. Note that
or Ames-2021 we compare with their results from variational nuclear motion calculations; in practice the final Ames
O2 line lists use CDSD data to improve their line positions. Clearly, the agreement should be considered to be (a)
ood between our dataset and CDSD-2019, with an average deviation as small as 2 × 10−3 cm−1, and (b) reasonable
ith Ames-2021, with an average deviation as large as 4 × 10−2 cm−1. As Fig. 5 shows, there are two energy levels
ith deviations from the CDSD-19 results larger than 0.1 cm−1. These two energy levels were determined from a single
easured transition of the source 07ToMiBrDe [26], and the experimental uncertainty of these measured lines is larger

han 0.1 cm−1. The line-by-line comparison with data in the CDSD-19 database shows that the largest differences are
ith the measured transitions of the sources 16VaKoMoKa [31] and 17KaCaKaTa [36].
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igure 5: Comparison between rovibrational energies of the present 18O12C18O dataset and those of CDSD-2019 [49] (blue squares) and
mes-2021 [50] (red circles).

A line-by-line comparison was also made with the HITRAN 2020 [3] database. The 828 database of HITRAN 2020
ontains 10 497 transitions in the 482.8–8162.7 cm−1 region. We find 4902 experimentally measured line not present in
ITRAN 2020 but validated in the present study; in general these lines are not strong enough to meet the HITRAN
96 K, natural-abundance intensity cut-off; the lines were published in the following four sources: 08WaPeTaSo[32],
4KaCaMoKab[35], 17KaCaKaTa[36], and 18KaCeMoKa[34].

.2. 17O12C18O (728)

Figure 6 shows the absolute deviations between the empirical (MARVEL) energy levels of the isotopologue 728 and
heir counterparts in the CDSD-19 and AMES-2021 databases. As seen in Fig. 6, the agreement is significantly better
ith CDSD-2019, with an average deviation of 1 × 10−3 cm−1, than with Ames-2021, where the average deviation is
.4 × 10−2 cm−1. This is an unsurprising result for both 828 and 728 as the CDSD-19 energies are semi-empirical in
ature.

For 728, the HITRAN 2020 dataset lists 14 623 transitions in the region 498.6–8193.2 cm−1. The HITRAN 2020
atabase contains more lines than our experimental database, which actually has 7700 unique transitions, a line-by-

ine comparison shows that 3468 experimentally measured transitions are not included in the HITRAN 2020 database,
enerally because they are too weak to be considered important. Most of these missing line are published in the sources
2LyKaJaLu [23], 14BoJaLyTa [28], 14KaCaMoKa [42], 17KaCaKaTa [36], and 18KaCeMoKa [34].

.3. 18O13C18O (838)

Figure 7 shows the absolute deviations between the empirical (MARVEL) energies and the corresponding entities in
he CDSD-19 and AMES-2021 databases. As seen for the 828 and 728 isotopologues, the empirical rovibrational energy
evels of this study show better agreement with the CSDS-19 data, with an average deviation of 1.4× 10−3 cm−1 cm−1,
han with the Ames-2021 data, with an average deviation of 4.5 × 10−2 cm−1 cm−1. Thus, we can conclude that we
nd basically the same average deviations between the empirical energy levels of this study and those of CDSD-19 and
MES-2021 for all three carbon dioxide isotopologues.

Comparing our experimental lines with the 838 lines present in the HITRAN 2020 database, containing 2926 tran-
itions in the 539.6–6687.0 cm−1 region, we find 723 additional weak lines. The experimental lines missing from HI-
RAN 2020 have been published in the sources 08PePeCa [47], 14KaCaMoKab [35], and 18KaCeMoKa [34].

8
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igure 6: Comparison between rovibrational energies of the present 17O12C18O dataset and those of CDSD-2019 [49] (blue squares) and
mes-2021 [50] (red circles).

igure 7: Comparison between rovibrational energies of the present 18O13C18O dataset and those of CDSD-2019 [49] (blue squares) and
mes-2021 [50] (red circles).
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. Summary and Conclusions

This paper is devoted to a comprehensive, critical, line-by-line analysis of all available measured and assigned rovibra-
ional transitions corresponding to the ground electronic state of three minor isotopologues of carbon dioxide, 18O12C18O
828), 17O12C18O (728), and 18O13C18O (838). Our detailed and careful analysis utilized the MARVEL algorithm [11–13]
nd the latest version of the associated code.

In total, 11 654 mostly experimentally measured transitions were collected from the literature for 18O12C18O. This
ataset contains 7482 unique transitions, covers the wavenumber range of 953 − 12 570 cm−1, and can be characterized
y Jmax = 87 and Pmax = 17. This set of transitions yields 3923 empirical (MARVEL) energy levels. The average
ncertainty of the empirical energy levels, derived from the experimental uncertainties of the transitions, is 2 × 10−3

m−1. Comparison of these energy levels with their counterparts in the CDSD-19 [49] and NASA Ames-2021 [50]
atabases reveals an average difference of 2 × 10−3 and 4 × 10−2 cm−1, respectively.

For the eighth most abundant isotopologue of carbon dioxide, 17O12C18O, 11 339 mostly experimentally measured
ransitions were collected, covering the wavenumber range of 628–8197 cm−1, with Jmax = 78 and Pmax = 13. The
ataset assembled contains 7700 transitions with unique assignments. The transition set of the 728 isotopologue yielded
318 empirical (MARVEL) energy levels. The average uncertainty of the empirical energy levels is 1.6 × 10−3 cm−1.
omparison of the empirical energy levels of this study with the CDSD-19 [49] and NASA Ames-2021 [50] results reveals
verage differences of 1 × 10−3 and 2.4 × 10−2 cm−1, respectively.

In the case of the 838 isotopologue of carbon dioxide, 2426 mostly experimentally measured transitions were collected
rom the literature. The dataset assembled covers the wavenumber range of 601–7918 cm−1 with Jmax = 75 and

max = 16. These transitions correspond to 1595 unique assignments. The number of empirical energy levels determined
s 1058. Comparison of these energy levels with the corresponding CDSD-19 [49] and the NASA Ames-2021 [50] data
eveals average differences of 1.4 × 10−3 and 4.5 × 10−2 cm−1, respectively.

Finally, we note, that accurate, computed ab initio intensities are available for both symmetric [51] and asymmetric
52] minor isotopologues of CO2. This means that by combining these intensities with the empirical energies generated
ere, one can build highly accurate line lists.

ata availability

Input files to the MARVEL code, including all the transitions, and the MARVEL output files, with all the energy
evels, are supplied as Supplementary Material to this paper.
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