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ABSTRACT
Spectroscopic networks (SN) are assembled for the carbon dioxide (CO2) isotopologues
16O13C17O/17O12C17O (637/727, according to a well-established shorthand notation adopted in this
study), based on line-centre measurements listed in 19/16 literature studies. For the isotopologues
637/727, the SNs contain 5053(3099)/10,256(6657) measured(unique) transitions, determining
18/38 vibrational band origins, defined as the lowest-energy state for a set of vibrational quantum
numbers. The transitions collected span the wavenumber regions 617–8061/582–12,570 cm−1
for 637/727. These SNs determine 1960/3278 empirical rovibrational energy levels for 637/727,
extracted with the help of the MARVEL (Measured Active Rotational-Vibrational Energy Levels)
protocol and code. The energy levels of 637/727 span the regions 0–9210/0–13,199 hc cm−1 and
the polyad numbers P from 0–12 for 637 and from 0–11 and 17 for 727 (where P = 2v1 + v2 + 3v3,
and the quantum numbers v1, v2, and v3 represent the symmetric stretch, bend, and antisymmetric
stretch motions). Comparison of the empirical rovibrational energy levels determined in this study
with their counterparts in two published databases, CDSD-296 and Ames-2021, shows very good
overall agreement.
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1. Introduction

The present study deals with a network-theoretical inves-
tigation of the measured high-resolution (rotational-
vibrational) spectroscopy of two minor, doubly-substi-
tuted isotopologues of carbon dioxide (CO2), 16O13C17O
and 17O12C17O. 16O13C17O and 17O12C17O are the
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sixth and ninth most abundant isotopologues of carbon
dioxide, with natural abundances of 8.246× 10−6 and
1.370× 10−7, respectively (see Table 1 for the natural
abundances of these and further carbon dioxide isotopo-
logues in the Earth’s atmosphere). This study is part
of our longer-term project aimed at the determination
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Table 1. The number of empirical (MARVEL) rovibrational energy levels determined by our groups for isotopologues
of carbon dioxide, and the maximum absolute (MAD) and average absolute (AAD) energy level differences, �E,
in hc cm−1, between our MARVEL studies [1–7] and those from Ames-2021 [8] and CDSD-296 [9]. Nat.abund. =
natural abundance.

Isotopologue Nat. abund. No. of levels �EMADAmes−2021 �EAADAmes−2021 �EMADCDSD−296 �EAADCDSD−296
16O12C16O (626) [1] 9.842× 10−1 8268 0.147 0.015 0.077 0.001
16O13C16O (636) [2] 1.105× 10−2 6318 0.152 0.016 0.081 0.002
16O12C18O (628) [3] 3.947× 10−3 8786 0.231 0.022 0.182 0.002
16O12C17O (627) [4] 7.339× 10−4 5036 0.085 0.012 0.009 0.001
16O13C18O (638) [5] 4.434× 10−5 3975 0.151 0.024 0.268 0.002
16O13C17O (637) [this work] 8.246× 10−6 1960 0.087 0.014 0.033 0.001
18O12C18O (828) [6] 3.957× 10−6 3923 0.571 0.042 0.559 0.002
17O12C18O (728) [6] 1.472× 10−6 4318 0.109 0.024 0.046 0.001
17O12C17O (727) [this work] 1.370× 10−7 3278 0.105 0.017 0.017 0.001
18O13C18O (838) [6] 4.400× 10−8 1058 0.168 0.045 0.039 0.001
17O13C18O (738) [7] 1.700× 10−8 945 0.123 0.029 0.014 0.001
17O13C17O (737) [7] 2.000× 10−9 877 0.071 0.018 0.008 0.001

of the largest possible sets of empirical rovibrational
energy levels for all isotopic variants of the carbon diox-
idemolecule, involving 12C, 13C, 16O, 17O, and 18O, based
on all the available experimental information. Following
a well-established shorthand notation introduced within
the HITRAN project [10], it is usual to denote the iso-
topologues of carbon dioxide by a symbol containing
three numbers, one for each atom indicative of its mass;
for example, the shorthand symbol of the parent carbon
dioxide isotopologue, 16O12C16O, is 626. Empirical rovi-
brational energy levels have already been published by
the groups participating in this project for the carbon
dioxide isotopologues 626 [1], 636 [2], 628 [3], 627 [4],
638 [5], 838 [6], 728 [6], 828 [6], 738 [7], and 737 [7]
(see Table 1 for a brief overview of some of the important
characteristics of these published studies).

Whether the aim is to study the radiative balance of
the Earth’s atmosphere to appreciate the impact of rising
CO2 levels [11], to explore the atmosphere of neighbour-
ing planets like Venus and Mars [12], or to investigate
the atmospheres of exoplanets [13], the spectra of car-
bon dioxide provide valuable information. Over the last
half of a century, a large number of experimental high-
resolution spectroscopic studies have been published for
both the 637 [14–33] and 727 [12, 24–26, 28, 29, 33–41]
isotopologues of carbon dioxide. Not all of these stud-
ies report new line position measurements; thus, not
all of them have been utilised during this study (see
Section 2.5). The experimental line positions, taken from
the cited references, are analysed with the help of the
MARVEL protocol [42–47], leading to empirical rovibra-
tional energy levels from the validated transitions. The
validated experimental rovibrational transitions and the
empirical energy levels they determine are the principal
results of this study.

Due to the importance of accurate high-resolution
spectroscopic data related to isotopologues of carbon

dioxide, they are available in several line-by-line spectro-
scopic databases, such as, in alphabetical order, the Car-
bon Dioxide Spectroscopic Databank (CDSD-296) [9],
ExoMol [48], HITRAN2020 [10], andNASAAmes-2021
[8]. It is not a simple task to go beyondwhat is available in
these databases. Nevertheless, concentrating on the mea-
sured spectra, as done in this study, and completing a
global analysis of the measured transitions, provides new
information and helps to discover possible errors in the
experimental data collected, such as incorrect line-centre
positions and assignments. It is expected that the data
obtained in this studywill enhance spectroscopic line-by-
line databases, such as HITRAN [10] and ExoMol [48,
49], and contribute to the refinement of theoretical and
computational spectroscopic models.

During studies of the high-resolution spectroscopy of
isotopologues of carbon dioxide, understanding the dis-
tinctions between the symmetric and asymmetric species
is important, as different selection rules apply for the
symmetric isotopologues, such as 17O12C17O (727), and
the asymmetric isotopologues, such as 16O13C17O (637).
The spectra of the symmetric species are somewhat sim-
pler, since asymmetry relaxes some selection rules and
in principle leads to further lines in the rovibrational
spectra.

2. Theoretical background

2.1. MARVEL

MARVEL [42–47] is basically a tool which can be used
to (a) efficiently analyze and validate assigned line-centre
positions determined in high-resolution spectra, and (b)
determine empirical energy levels from the validated
transitions. It works through the construction of a ‘spec-
troscopic network’ (SN) [50, 51], where the energy levels
are the vertices and the transitions between them are
the edges. When experimentally measured transitions
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are collected for a MARVEL analysis, one must ensure
that each line has an accurate centre position with an
associated uncertainty (the uncertainties of our input
datasets are interpreted 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 labelled uniquely (see
Section 2.2).

The SN of 727 contains two principal components,
para- and ortho-17O12C17O. Since no transition between
members of the ortho and para components is allowed,
the energy difference between their lowest energies (the
so-called roots of the components) must be determined
using external information. In this study, this energy
difference comes from an effective Hamiltonian given
by 86BrSoFr [52]. In cases where the experimentally
measured information is highly incomplete, the spectro-
scopic network may become fragmented, leaving some
energy levels isolated from the component(s) containing
the root(s) of the SN. These so-called ‘floating compo-
nents’ can be connected to the principal components
and the measured transitions using sufficiently accurate
empirical data (coming from perhaps effective Hamilto-
nian fits) or, for some molecules, by using the known
quasi-degeneracy of certain energy levels [53].

Unlike quantum-chemical models based on the
nuclear Hamiltonian, culminating in the solution of
the corresponding nuclear Schrödinger equation with
approximate potential energy surfaces [54], the accuracy
of the empirical (MARVEL) energy levels is not restricted
by assumptions other than the validity of the Ritz prin-
ciple [55] and, of course, the accuracy of the measured
line-centre positions. This allows maintaining experi-
mental accuracy during a MARVEL analysis. A caveat
is that it also allows MARVEL to accept transitions that
might break standard selection rules or are incorrect oth-
erwise, as long as the transition is not in conflict with the
other entries of the dataset.

In this study, we used the latest version of the MAR-
VEL code, MARVEL4 [47]. MARVEL4 has the option
to use an adaptation of the bootstrap method to give
final uncertainties for the energy levels; our final energy
levels are given with uncertainties obtained using this
procedure.

2.2. Notation and quantumnumbers

There are two ways to assign quantum numbers to
the vibrational states of the linear CO2 molecule. The
first is the Herzberg notation, which is based on the
harmonic oscillator model. This uses four quantum
numbers: (ṽ1, ṽ�̃2

2 , ṽ3). Here, ṽ1 represents the symmetric

stretching of the molecule, ṽ2 refers to the bending, and
ṽ3 represents the antisymmetric stretching. The �̃2 value
describes the angular momentum related to the bending
mode and can take values of ṽ2, ṽ2 − 2, ṽ2 − 4, and so on,
down to 1 or 0. The interaction between the ν1 and 2ν2
states of CO2 (known as Fermi resonance) led to a second
notation called AFGL (Air Force Geophysics Laboratory)
[56–60]. This notation is what we use here. There is no
clear way to convert between Herzberg and AFGL, so
we combined data from several sources to match the
Herzberg notation to AFGL.

The AFGL notation groups the vibrational states into
Fermi polyads and uses five vibrational quantum num-
bers, (v1v2�2v3r), where r is the Fermi-resonance ranking
index (the index r is used to distinguish the levels belong-
ing to the same Fermi polyad). In this notation, the Fermi
polyads are determined by v1, �2, and v3 [61]; v2 is always
equal to �2, and r takes values from 1 to v1 + 1. The low-
est value of r, 1, is assigned to the energy level with the
highest wavenumber (or frequency), and r increases for
lower energy levels.

The polyad number P is not a quantum number,
but it behaves similarly to one. For carbon dioxide,
using the approximate relationships between the har-
monic frequencies, ω1 ≈ 2ω2 and ω3 ≈ 3ω2, the com-
monly accepted definition of P, which is also employed
in this study, is P = 2v1 + v2 + 3v3 (see Figure 1 for
the distribution of the P values as a function of the
energy level for the two carbon dioxide isotopologues
studied).

The quantum number J represents the angular
momentum associated with the rotational and, when
�2 > 0, vibrational motion of the CO2 molecule. Tran-
sitions with �J = −1 and �J = +1 are referred to as
P- and R-branch transitions, respectively, while the Q-
branch transitions correspond to �J = 0. Both P and R
transitions occur in the parallel and perpendicular bands,
whereas Q-branch transitions are restricted to the per-
pendicular bands. The ‘direction’ here refers to the change
in the dipolemoment driving the transition relative to the
linear equilibrium structure of the molecule. For states
with �2 = 0 the rotationless parity is ‘e’, while for nonzero
�2 values it can be both ‘e’ and ‘f ’. The coupling between
rotational and vibrational angular momenta implies that
J ≥ l2.

The upper and lower states involved in a transition are
denoted as ′ and ′′, respectively. The P, R, and Q transi-
tions are typically identified by the rotational quantum
number of the lower state (J′′). For theMARVEL analysis,
each state is uniquely defined by a set of seven descriptors:
(J v1 v2 �2 v3 r e/f ). This format is also used for the data
presented in the Supplementary Material accompanying
this paper.
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Figure 1. The polyad number, P = 2v1 + v2 + 3v3, for each empirical energy level versus the energy levels calculated using MARVEL
for the 16O13C17O (637, black dots) and 17O12C17O (727, red dots) isotopologues of carbon dioxide.

2.3. Selection rules

Toward building a self-consistent dataset during our
MARVEL analysis, we tested the spectroscopic data col-
lected for incorrectly labelled transitions. As part of this
procedure, fulfilment of the appropriate dipole selection
rules and the violation of the ortho/para selection rule,
in the case of 727, were checked. For the 637 and 727
isotopologues, the rovibrational selection rules [61] are
�J = −1, 0,+1, and if �J = ±1, then e↔ e and f ↔ f
are the allowed transitions, while if �J = 0, then e↔ f
is allowed, but J = 0 �↔ 0.

17O has non-zero nuclear spin. Thus, unlike the case
of 626, all rotation-vibration levels exist both for 637
and 727. Furthermore, in the case of 727, there are
two nuclear spin isomers, conventionally called para and
ortho. If one uses p to denote e and f states with p = 0
for e and p = 1 for f, then the ortho and para states
are defined by (J + v3 + �2 + p) being odd and even,
respectively. Transitions between ortho and para states
can occur through hyperfine interactions [62]; neverthe-
less, such transitions are very weak and have not been
observed for any isotopologue of CO2. In principle, there
is no such strict constraint on the rovibrational transi-
tions of 637; but, in practice, only relatively few transi-
tions corresponding to ortho-para changing have been
observed, they form only about 10% of the total number
of observed transitions of 637, the rest are para-para and
ortho-ortho transitions.

2.4. Comments on the literature sources used

Table 2 contains details about the data sources treated
during the present study for 16O13C17O and 17O12C17O.
In particular, Table 2 provides information about the
number of assigned (A), floating (F), validated (V), and
deleted (D) transitions.

The total number of rovibrational transitions mea-
sured for 637/727 is 5053/10,256, including 3099/6657
unique ones, collected from 19/16 experimental sources.
As seen for the significantly smaller number of unique
transitions compared to all the measured ones, there are
a large number of measurements defining multiple edges
for the spectroscopic networks of 637 and 727. The most
frequently measured transition of the 637 isotopologue
is the (1 0 0 0 1 1 e)←− (2 0 0 0 0 1 e) one, which has
been measured four times [15, 17, 18, 24]. As to the 727
molecule, the transition (0 3 0 0 1 3 e)←− (1 0 0 0 0 1 e) has
been measured five times [24, 26, 37, 41, 63]. In contrast,
there are 1681 and 4057 transitions which weremeasured
only once for 637 and 727, respectively.

According to Table 2, 4903/10,145 transitions could be
validated for 637/727. For 637, we did not need to delete
any of themeasured transitions. In the case of 727, we had
to delete the following 90 measured transitions: 70 lines
from the source 12VaKaHe [63] and 20 from 11VaKaHe
[37]. All the deleted 727 transitions belong to the follow-
ing vibrational bands: (J′ 3 1 1 1 2 e/f )←− (J′′ 0 1 1 0 0
e/f ), (J′ 3 1 1 1 3 e/f )←− (J′′ 0 1 1 0 1 e/f ), and (J′ 3 1 1
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Table 2. 16O13C17O and 17O12C17O data sources treated during the present study and some of
their characteristics, including the number of measured (A), floating (F), validated (V), and deleted
(D) transitions. UCS is the average expanded ‘claimed source’ uncertainty, and UMS is the average
expanded ‘MARVEL-suggested’ uncertainty.

Isotopologue Source Range/cm−1 A/F/V/D UCS UMS

16O13C17O 98TeClVa [18] 617.52–2305.02 94/0/94/0 2.5× 10−4 2.7× 10−4
(637) 85Jolma [16] 618.25–675.04 64/0/64/0 5.0× 10−4 5.7× 10−4

12LyKaJaLu [24] 1977.04–4983.91 860/42/818/0 1.1× 10−3 1.2× 10−3
86EsSaRoVa [17] 2203.91–2316.09 99/5/94/0 2.0× 10−3 2.2× 10−3
78BaLiDeRa [15] 2229.25–2297.51 60/0/60/0 2.5× 10−3 3.4× 10−3
14BoJaLyTa [25] 3423.86–4545.12 673/68/605/0 3.3× 10−4 4.1× 10−4
04DiMaRoPe [19] 4489.24–6768.64 595/0/595/0 1.2× 10−3 1.4× 10−3
15BoJaLyTa [28] 4681.88–4878.49 158/0/158/0 2.3× 10−4 3.9× 10−4
19MoKaPeTa [33] 5696.34–5849.92 152/0/152/0 1.0× 10−3 1.1× 10−3
18KaSiCeMo [32] 5702.17–5850.46 147/0/147/0 1.0× 10−3 1.1× 10−3
18KaCeMoKa [30] 5703.30–5850.46 62/0/62/0 1.0× 10−3 1.1× 10−3
18CeKaMoKa [31] 5810.89–5828.13 11/0/11/0 1.0× 10−3 1.6× 10−3
08PePeCa [22] 5875.05–6768.64 992/32/960/0 1.0× 10−3 1.2× 10−3
06PeKaRoPe [20] 6005.79–6768.64 249/2/247/0 2.0× 10−3 2.1× 10−3
14KaCaMoKa [26] 6044.51–6768.64 335/0/335/0 1.0× 10−3 1.1× 10−3
07PeKaRoPe [21] 6663.76–6733.43 115/1/114/0 2.0× 10−3 2.3× 10−3
10CaSoMoPe [23] 7238.09–7917.30 332/0/332/0 8.0× 10−4 8.7× 10−4
17KaCaKaTa [29] 7386.25–7917.30 38/0/38/0 1.0× 10−3 1.4× 10−3
14KaKaTaPe [27] 8027.70–8060.77 13/0/13/0 1.0× 10−3 1.0× 10−3

17O12C17O 98ClTeHuVa [35] 582.04–2367.48 502/0/502/0 2.5× 10−4 2.9× 10−4
(727) 80ReFlGo [34] 629.88–695.93 77/0/77/0 5.0× 10−3 5.9× 10−3

86BrSoFr_C [52] 910.00–1106.20 242/0/242/0 2.4× 10−5 2.5× 10−5
12LyKaJaLu [24] 1855.21–8229.20 4007/20/3987/0 1.0× 10−3 1.2× 10−3
14ElSuMi [40] 2274.24–2366.15 69/0/69/0 3.0× 10−6 3.0× 10−6
14BoJaLyTa [25] 3234.42–4681.07 1945/91/1854/0 1.6× 10−4 2.7× 10−4
12JaGuLyKa [12] 3620.80–3706.53 83/0/83/0 1.0× 10−4 1.1× 10−4
15BoJaLyTa [28] 4681.92–5295.09 1440/0/1440/0 2.1× 10−4 3.7× 10−4
19MoKaPeTa [33] 5696.71–5823.95 40/0/40/0 1.0× 10−3 1.0× 10−3
15JaBoLyTa [41] 5947.38–6453.43 557/0/557/0 3.0× 10−4 6.9× 10−4
14KaCaMoKa [26] 5952.94–6932.78 552/0/552/0 1.0× 10−3 1.2× 10−3
12VaKaHe [63] 6073.64–6459.55 370/0/300/70 2.0× 10−3 7.8× 10−3
11VaKaHe [37] 6084.50–6151.28 116/0/96/20 2.0× 10−3 5.0× 10−3
17KaCaKaTa [29] 7298.77–7478.96 36/0/36/0 1.0× 10−3 1.1× 10−3
13GoHeLy [38] 8058.69–8230.61 166/0/166/0 2.0× 10−3 2.5× 10−3
13PaLiLuLi [39] 12510.69–12570.41 51/0/51/0 3.0× 10−3 3.2× 10−3

1 3 e/f )←− (J′′ 0 1 1 0 0 e/f ). It seems that these transi-
tions belong to hitherto unknown VBOs, but the upper
states are not (J′ 3 1 1 1 2 e/f ) and (J′ 3 1 1 1 3 e/f ), as
these assignments are in conflict with both their CDSD-
296 [9] counterparts and with previous measurements
[26, 41].

It is important to emphasise that, breaking away from
our usual treatment, in the case of 727 we decided to add
calculated lines published in 86BrSoFr [52] to the MAR-
VEL input dataset. We did this because (a) this is one of
the most accurate sources of rovibrational energy levels
for 727, and (b) as mentioned in Section 2.3, the spectro-
scopic network of 727 can be divided into two principal
components, para and ortho, that become connected by
the inclusion of the accurate calculated 86BrSoFr lines
into the network. To connect the two principal compo-
nents, it would have also been possible to use a magic
number, that is, a single artificial transition that con-
nects the lowest energy levels of the para and ortho

components. It is possible to check the correctness of
this artificial connection of the principal components by
examining the value of the lowest ortho energy level.
The value of the (1 0 0 0 0 1 e) level in the CDSD-296
dataset is 0.734389 hc cm−1, while our value in the con-
nected network is 0.734390 hc cm−1, i.e. the difference
is 1× 10−6 hc cm−1, which means perfect agreement, as
expected.

The original spectroscopic network assembled for 637
contained four floating components with at least 10, in
fact, 14, 14, 14, and 12, energy levels. To link these larger
floating components to the single principal component,
we selected four artificial transitions, with an expanded
uncertainty of 0.005 cm−1, using rotational energy val-
ues from the CDSD-296 [9] database. In the transition
file, these artificial transitions are tagged as 19CDSD. In
the case of the 727 isotopologue, we found three float-
ing components, each containing the following number
of energy levels: 23, 13, and 12. We also used the energy
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Figure 2. The number of transitions incident to each energy level versus the empirical rovibrational energy level values determined in
this study for 16O13C17O (637, black dots) and 17O12C17O (727, red dots).

Figure 3. Empirical rovibrational energy level values determined in this study for 16O13C17O (637, black dots) and 17O12C17O (727, red
dots) versus the energy-level uncertainties suggested by MARVEL. For 637 the smallest uncertainty is 3× 10−4 hc cm−1, it is for the
energy level 3509.12637 hc cm−1. For 727, the smallest uncertainty is 3× 10−6 hc cm−1 for the energy level 2331.321624 hc cm−1.

levels in the CDSD-296 [9] database to create the three
artificial transitions, with an expanded uncertainty of
0.005 cm−1, which connect these floating components to
the principal components.

In what follows, comments are made on those few
sources where a relatively large number of transitions had
to be corrected or remained invalidated in the case of the
637 isotopologue.
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Figure 4. Empirical rovibrational energy levels determined for 16O13C17O (637, black dots) and 12O12C17O (727, red dots) using the
MARVEL procedure versus the rotational quantum number J.

10CaSoMoPe [23]: We had to reassign 17 lines for 637
reported in this source to harmonise them with the cor-
responding measured 17KaCaKaTa [29] and calculated
CDSD-296 [9] results. During the reassignment, the J
values of the upper and lower states of these 17 lines had
to be reduced by one. These lines are denoted by the tag
‘relab’ in the transitions_637.txt file of the Supplementary
Material.

12LyKaJaLu [24]: 42 transitions of 727, that is more
than 5% of all the transitions reported in this source,
form floating components. The largest floating compo-
nent contains nine energy levels.

14BoJaLyTa [25]: For 727, 91 transitions form floating
components.

08PePeCa [22]: For 637, 32 transitions form floating
components.

2.5. Comments on the literature sources not used

Among all the experimental sources with spectroscopic
data for 637 and 727 we analysed, only the sources
99ClTeHuVa [36] and 08ToBrMiDe [64] were excluded
from our MARVEL analysis. These studies focussed pri-
marily on intensity data, no measured line-centre posi-
tions were found for the current analysis.

3. Results and discussion

3.1. Energy levels

Figure 2 shows the degree distributions, that is the num-
ber of transitions incident to each energy level, of the

spectroscopic networks assembled for 16O13C17O and
17O12C17O. The two distributions are highly similar and,
just as expected [45, 65], both can be characterised as
heavy-tailed, showing a power-law-like behaviour. This
degree distribution means that there are a small num-
ber of quantum states, called hubs, which have a rela-
tively large number of incident transitions. These are the
most important quantum states of the two isotopologues,
whose accurate experimental characterisation is espe-
cially important. It is reasonable [66] to call a quantum
state a hubwhenmore than 1% of the transitions are inci-
dent to it. This means 31/66 transitions for 636/727. As
expected, hubs of both 637 and 727 belong to the ground
vibrational state; however, while the 637 hubs have rota-
tional quantum numbers J = 15, 21, and 20 (with 99,
95, and 94 transitions, respectively), the most frequently
occurring rotational quantum numbers of the 727 hubs
are J = 14, 13, and 9 (with 85, 82, and 81 transitions).
It is less expected that despite the factor of two differ-
ence in the number of unique transitions measured for
636 and 727, the largest number of incident transitions
is thus about the same for these two carbon dioxide iso-
topologues. Figure 2 also clearly shows that at around
13,000 hc cm−1 energy levels are available only for the
727 isotopologue; actually, these levels originate from
the measurements reported in 13PaLiLuLi [39] (see also
Table 2).

Figure 3 shows the expanded uncertainties of the
empirical rovibrational energy levels determined in this
study for 16O13C17O and 17O12C17O against the energy
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level values determined through MARVEL. Clearly,
the 727 data points generally show significantly lower
uncertainties compared to the 637 data points, par-
ticularly at lower energy values. The majority of the
points cluster below an uncertainty of 0.002 hc cm−1.
However, some outliers for 637 extend even above
0.007 hc cm−1.

The empirical rovibrational energy levels determined
in this study, depicted in Figure 4, have J values up to
78 and 80 for the 637 and 727 isotopologues of car-
bon dioxide, respectively. Each dotted curve of Figure 4
corresponds to a vibrational band, with the dots repre-
senting different J values. The energies of the vibrational
band origins, defined as the lowest-energy state for a set
of vibrational quantum numbers, are 18/38 for 637/727;
these are listed in Table 3, whereby in more than half of
the cases J �= 0. As seen in Table 3, the VBOs of the 727
isotopologue are significantly more accurate than those
of 637. This is due to the source 86BrSoFr [52], as its
calculated transitions allow the more accurate determi-
nation of the lower VBOs.

Figure 5 gives an overview of the Fermi number, r,
which is used to label the states as function of the energy
of the rovibational states. Only seven energy levels have
Fermi resonance number 5, for the 727 isotopologue.

3.2. Comparisonwith the databases CDSD-296 and
Ames-2021

Figure 6 shows the absolute deviations of the rovibra-
tional energy levels of 16O13C17O between the MAR-
VEL and the CDSD-296 [9] and Ames-2021 [8] datasets.
The root-mean-square deviations of the present MAR-
VEL and the CDSD-296 and Ames-2021 energies are
0.0018 and 0.0220 hc cm−1, respectively. It can also be
seen from Figure 6 that there are a few MARVEL energy
levels that differ from theCDSD-296 results bymore than
0.01 hc cm−1.

To check these significant deviations, we have col-
lected the experimentally measured transitions that
determine the problematic energy levels. Table 4 contains
these seven transitions, grouped by the upper energy level
of the transition. As seen in Table 4, there are five differ-
ent upper energy levels that are assumed to be incorrect,
three of which are determined by the source 10CaSo-
MoPe [23] and two by 08PePeCa [22]. Unfortunately,
based on the information available, it is impossible to
decide whether the CDSD-296 or the experimentally
measured positions are the (in)correct ones; furthermea-
surements are needed to solve this issue.

Figure 7 shows the absolute deviations of the 17O12C
17O rovibrational energy levels between the MARVEL
and the CDSD-296 [9] and Ames-2021 [8] datasets. The

Table 3. Experimentally determined lowest-energy states for
vibrational bands of the 16O13C17O (637) and 17O12C17O (727) iso-
topologues of carbon dioxide, obtained in this study, and their
counterparts in the CDSD-296 [9] database. All energy values are
in hc cm−1.
Isotopologue Full label MARVEL CDSD-296

637 (0 0 0 0 0 1 e) 0.0000(0) 0.0000
(1 0 1 1 0 1 e) 646.498(2) 646.5039
(1 0 1 1 0 1 f) 646.507(2) 646.5051
(0 0 0 0 1 1 e) 2274.088(2) 2274.0871
(1 0 1 1 1 1 e) 2908.926(2) 2908.9288
(0 1 0 0 1 1 e) 3608.550(2) 3608.5495
(1 1 1 1 1 1 f) 4262.278(2) 4262.2852
(1 1 1 1 1 1 e) 4262.287(2) 4262.2836
(0 2 0 0 1 2 e) 4849.393(2) 4849.3921
(0 1 0 0 2 2 e) 5738.069(2) 5738.0660
(0 1 0 0 2 1 e) 5838.935(2) 5838.9344
(0 3 0 0 1 3 e) 6071.574(2) 6071.5734
(0 3 0 0 1 2 e) 6188.053(2) 6188.0507
(0 3 0 0 1 1 e) 6318.429(2) 6318.4339
(1 3 1 1 1 3 e) 6686.745(2) 6686.7486
(1 3 1 1 1 3 f) 6686.749(2) 6686.7514
(1 0 1 1 3 1 e) 7364.007(2) 7364.0104
(1 0 1 1 3 1 f) 7364.011(2) 7364.0115

727 (0 0 0 0 0 1 e) 0.0000(0) 0.0000
(1 0 1 1 0 1 f) 662.8007(3) 662.8022
(1 0 1 1 0 1 e) 662.8039(4) 662.8011
(0 1 0 0 0 2 e) 1258.235763(3) 1258.2358
(2 0 2 2 0 1 e) 1326.7424(4) 1326.7421
(2 0 2 2 0 1 f) 1326.7436(4) 1326.7421
(0 1 0 0 0 1 e) 1364.940558(3) 1364.9406
(1 1 1 1 0 2 e) 1900.990(1) 1900.9892
(1 1 1 1 0 1 e) 2048.860(2) 2048.8583
(0 0 0 0 1 1 e) 2330.593018(3) 2330.5930
(1 0 1 1 1 1 e) 2981.016(1) 2981.0164
(1 0 1 1 1 1 f) 2981.019(1) 2981.0174
(0 1 0 0 1 2 e) 3568.4718(1) 3568.4718
(2 0 2 2 1 1 f) 3632.591(1) 3632.5928
(2 0 2 2 1 1 e) 3632.595(1) 3632.5928
(0 1 0 0 1 1 e) 3672.69749(2) 3672.6976
(1 1 1 1 1 2 e) 4198.9143(3) 4198.9140
(1 1 1 1 1 2 f) 4198.9175(4) 4198.9156
(1 1 1 1 1 1 e) 4344.1747(3) 4344.1749
(1 1 1 1 1 1 f) 4344.1779(4) 4344.1766
(0 2 0 0 1 3 e) 4787.57222(2) 4787.5722
(2 1 2 2 1 2 f) 4835.4812(4) 4835.4804
(2 1 2 2 1 2 e) 4835.4824(4) 4835.4804
(0 2 0 0 1 2 e) 4901.03359(2) 4901.0337
(0 2 0 0 1 1 e) 5039.36896(3) 5039.3689
(1 2 1 1 1 3 e) 5402.7584(3) 5402.7586
(1 2 1 1 1 3 f) 5402.7616(5) 5402.7607
(1 2 1 1 1 2 e) 5555.2666(3) 5555.2669
(1 2 1 1 1 2 f) 5555.2698(4) 5555.2689
(1 2 1 1 1 1 e) 5724.2074(6) 5724.2070
(1 2 1 1 1 1 f) 5724.2106(7) 5724.2093
(0 3 0 0 1 4 e) 5988.9145(3) 5988.9128
(0 3 0 0 1 3 e) 6122.7040(3) 6122.7045
(0 3 0 0 1 2 e) 6249.944(1) 6249.9505
(0 3 0 0 1 1 e) 6425.213(2) 6425.2060
(0 0 0 0 3 1 e) 6917.819(1) 6917.8197
(0 1 0 0 3 2 e) 8114.655(1) 8114.6578
(0 1 0 0 3 1 e) 8215.041(1) 8215.0401

root-mean-square deviations of the present MARVEL
and the CDSD-296 and Ames-2021 energies are 0.0015
and 0.0218 hc cm−1, respectively. Clearly, the agreement
is significantly better with the CDSD-296 set and there
are a large number of energy levels where the agreement
is better than 10−5 hc cm−1.
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Figure 5. Fermi number r for each calculated energy level versus the empirical rovibrational energy levels determined in this study for
16O13C17O (black dots) and 17O12C17O (red dots).

Figure 6. Comparison between the empirical rovibrational energies of the present 16O13C17O dataset and those of CDSD-296 [9] (blue
squares) and Ames-2021 [8] (red circles).
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Table 4. Experimentallymeasured transitionswhosedeviations fromtheir CDSD-296 [9] counterparts are larger than
0.01 hc cm−1 (grouped by the upper energy levels). The numbers in brackets following the measured wavenumbers
show the expanded experimental uncertainty.

CDSD-296 wavenumber Measured wavenumber Difference Transition Tag
(cm−1) (cm−1) (cm−1)
7259.486965 7259.5004(8) 0.013 (18 4 0 0 1 4 e)← (19 0 0 0 0 1 e) 10CaSoMoPe.160
7257.807333 7257.7754(8) 0.032 (20 4 0 0 1 4 e)← (21 0 0 0 0 1 e) 10CaSoMoPe.161
7288.845975 7288.8127(8) 0.033 (20 4 0 0 1 4 e)← (19 0 0 0 0 1 e) 10CaSoMoPe.318
7256.960868 7256.9473(8) 0.014 (21 4 0 0 1 4 e)← (22 0 0 0 0 1 e) 10CaSoMoPe.162
7289.512686 7289.4994(8) 0.013 (21 4 0 0 1 4 e)← (20 0 0 0 0 1 e) 10CaSoMoPe.319
6002.125649 6002.1107(10) 0.015 (43 3 1 1 1 3 f)← (44 0 1 1 0 1 f) 08PePeCa.491
6504.049702 6504.0658(10) 0.016 (57 1 1 1 2 1 e)← (56 0 0 0 0 1 e) 08PePeCa.667

Figure 7. Comparison between the empirical rovibrational energies of the present 17O12C17O dataset with those of CDSD-296 [9] (blue
squares) and Ames-2021 [8] (red circles).

4. Summary and conclusions

This paper describes a comprehensive, critical, line-by-
line analysis of all available measured and assigned rovi-
brational transitions corresponding to the ground elec-
tronic state of two minor isotopologues of carbon diox-
ide, 16O13C17O (637) and 17O12C17O (727). Our detailed
and careful analysis utilises the MARVEL algorithm
[42–44] and the latest version of the associated code,
MARVEL4 [47].

In total, 5053, almost exclusively experimentally
measured transitions were collected from 19 litera-
ture sources for 16O13C17O. This dataset contains 3099
unique transitions, covering the wavenumber range
617–8061 cm−1, and can be characterised by Jmax = 78
and Pmax = 12. This set of transitions yields 1960 empir-
ical (MARVEL) energy levels. The average expanded

(two-sigma) uncertainty of the empirical energy lev-
els, derived from the experimental uncertainties of the
transitions, is 1.75× 10−3 hc cm−1. Comparison of these
energy levels with their counterparts in the CDSD-296
[9] and NASA Ames-2021 [8] databases reveals an aver-
age difference of 1.8× 10−3 and 2.2× 10−2 hc cm−1,
respectively. Thus, the agreement is significantly better
with theCDSD-296 set and about the same as the internal
average accuracy of the levels of the present study.

For the ninth most abundant isotopologue of car-
bon dioxide, 17O12C17O, 10,256, mostly experimen-
tally measured transitions were collected from 16
literature sources, covering the wavenumber range
582–12,570 cm−1, with Jmax = 80 and Pmax = 17. The
dataset assembled contains 6657 transitions with unique
assignments. This transition set of the 727 isotopologue
yields 1960 empirical (MARVEL) energy levels with an
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average expanded uncertainty of 5.53× 10−4 hc cm−1.
Comparison of the empirical energy levels of this study
of 727 with their CDSD-296 [9] and NASA Ames-2021
[8] counterparts reveals average differences of 1.5× 10−3
and 2.18× 10−2 hc cm−1, respectively.
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