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1 | INTRODUCTION

Abstract

A set of empirical rovibrational energy levels, obtained through the MARVEL
(measured active rotational-vibrational energy levels) procedure, is presented for the
13C160, isotopologue of carbon dioxide. This procedure begins with the collection
and analysis of experimental rovibrational transitions from the literature, allowing for
a comprehensive review of the literature on the high-resolution spectroscopy of
13¢160,, which is also presented. A total of 60 sources out of more than 750 checked
provided 14,101 uniquely measured and assigned rovibrational transitions in
the wavenumber range of 579-13,735 cm1. This is followed by a weighted least-
squares refinement yielding the energy levels of the states involved in the measured
transitions. Altogether 6318 empirical rovibrational energies have been determined
for 13C160,. Finally, estimates have been given for the uncertainties of the empirical
energies, based on the experimental uncertainties of the transitions. The detailed
analysis of the lines and the spectroscopic network built from them, as well as the
uncertainty estimates, all serve to pinpoint possible errors in the experimental data,
such as typos, misassignment of quantum numbers, and misidentifications. Errors
found in the literature data were corrected before including them in the final
MARVEL dataset and analysis.

KEYWORDS
CO,, line positions, MARVEL, rovibrational energy levels

with the so-called greenhouse effect (see, e.g., Reference 2). In the
atmosphere of Earth, about 1.1% of CO, is in the form of the

Carbon dioxide is a well-known trace species in the Earth's atmo-
sphere, the recent increase in its concentration is associated with
human activity, and it is involved in climate change.! Most of the
spectral regions corresponding to the main isotopologue, 12C1¢0,, are
optically thick, meaning that increases in atmospheric concentration

lead only to logarithmic increase in the radiative forcing associated

13¢C160, isotopologue.® The corresponding spectral lines are not opti-
cally thick, increasing the importance of this isotopologue as a green-
house gas.

While 3C is only a minor constituent in the Earth's atmosphere,
the 13C to 2C abundance ratio is known to vary significantly in the

Universe. There are observations which suggest that at places
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the ratio might be as high as one third.* The detection of CO; in the
atmospheres of hot Jupiter exoplanets,® including a recent one on
WASP-39b by the James Webb Space Telescope,® have all been made
using low- to medium-resolution transit spectroscopy, which cannot
distinguish between different isotopologues. Thus, these observations
are unable to provide information on isotopic ratios. However, high-
resolution, cross-correlation studies performed from the ground have
been shown to be capable of distinguishing different carbon isotopo-
logues; for example, a pioneering study of CO of exoplanet TYC
8998-760-1b suggested that the abundance of 13C was more than
30 % of that of 12C.”

High-resolution studies of exoplanet spectra require especially
accurate line positions. There are line lists available for hot CO,,2"1*
but these are generally not of sufficient accuracy for use in cross-
correlation studies for high-temperature objects. The most practical
means of improving the accuracy of theoretical line lists is the intro-
duction of experimental/empirical energy-level data, facilitating the
development of improved line positions. Supplying empirical rovibra-
tional energy levels for 13C1%0, was one of the motivations of the
present project.

The MARVEL (measured active rotational-vibrational energy

levels)t?-13

procedure, based on the theory of spectroscopic networks
(SN),*6718 is able to provide such highly accurate empirical energy
levels. For this, we need a dataset of experimental line positions,
which we created for the carbon dioxide isotopologue ¢Q3C1¢0O
(636 in HITRAN parlance). MARVEL determines the SN representing
all interconnecting rotational-vibrational energy levels and, based on
an inversion process, yields empirical energy levels with appropriate
uncertainties. Besides providing these data, a MARVEL analysis is able
to identify incorrect quantum number assignments, overly optimistic
uncertainty values, mistaken attributions, and many other types of
errors. The empirical rovibrational energies can be used to check and
improve existing theoretical models, as well as line lists, for example
those generated within the ExoMol project.*?2° The joint utilization
of the best empirical and theoretical data provides both completeness
and the most accurate predictions of transition frequencies, see Ref-
erences 21 and 22 for examples. Our critical evaluation of the existing
empirical line positions also helps to identify spectral regions where

more high-resolution experiments are needed.

2 | COMPUTATIONAL BACKGROUND

21 | The MARVEL procedure

A MARVEL project begins by gathering, analyzing, and validating
assigned lines of high-resolution spectra. Attributes of each line,
besides their position, include a unique label for the upper and
lower states, a measurement uncertainty value, and a unique tag
identifier. The lines are then used to build a spectroscopic network,
whereby each state corresponds to a node, and the nodes are linked
by the observed transitions.*® This representation of the spectro-

scopic measurement results allows the determination of empirical

energy-level values, together with their uncertainty estimates. The
transitions form a well-connected network, with most transitions
linked to the ground state via various paths. However, this connec-
tion is not always possible using experimental data alone. The miss-
ing lines may result in fragmentation of the principal component(s)
of the SN. As a result, consistency of the lines of the floating com-
ponents with the rest of the data cannot be established. This is the
reason why such lines remain unvalidated at the end of a MARVEL
analysis.

Since MARVEL is not based on a particular quantum-chemical
model, it will “validate” forbidden or incorrect transitions when they
are not in conflict with the rest of the data. For this reason, it is impor-
tant to check for such transitions while building up the MARVEL input
dataset.

2.2 | Quantum numbers and selection rules

There are two conventions in general use for assigning quantum
numbers to the vibrational states of the linear molecule CO,. The
standard, so-called Herzberg notation is based on the harmonic
oscillator (HO) picture and uses four vibrational quantum numbers,
(\71,\722,\73), where v4, V5, and vz describe the symmetric stretch, bend,
and antisymmetric stretch of the molecule, respectively, while #,
denotes the angular momentum associated with the bending mode
and can take values of V,, v, —2, v, —4, ..., 1 or 0. Complications
induced by the well-known Fermi resonance between the v; and
2v, states of CO, led to the introduction of the so-called AFGL (air

force geophysics laboratory) notation,>2324

which is adopted here.
The AFGL notation groups the vibrational states into Fermi polyads
and uses five vibrational quantum numbers, (vq vo #2 va r), where r is
the Fermi-resonance ranking index. In this notation, the Fermi polyads
are determined by vi, ¢, and v3;%° v, is always equal to #,, and r
takes values from 1 to v1+1. To the best of our knowledge, there is
no unambiguous conversion between the Herzberg and the AFGL
conventions; hence, we used data from multiple datasets to match
the Herzberg notation to AFGL. Since the first release of the
HITRAN database,?® it has been emphasized that when using older
notations the order of some energy levels can change from one CO,
isotopologue to the other, as shown by the work of Amat and
Pimbert.?¢

In addition to the vibrational quantum numbers, there are two
further quantum numbers required to label the rovibrational states of
CO;: quantum number J, describing the overall rotation of the mole-
cule, which takes values of J 2 #,, and parity, p, for which we use the

rotationless parity denoted by e and f.2’

Unlike the vibrational quan-
tum numbers, J and p are rigorously conserved (they are exact
quantum numbers). For our MARVEL procedure we employ the AFGL
notation and each rovibrational state has the label (J v v, #5 v3 r p).
States with #, =0 all have parity e. In principle, states with #, >0 can
be both e and f, but due to the Pauli principle, half the rotational levels
are missing; to be present, (J+v3+¢2+p), where p=0 for e and 1

for f states, must be even.
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It is standard to use the point group D, labels to denote levels.
In this notation X,I1, A,... represent #,=0,1,2,..., and the other sym-

metry labels are included as:

1— x*
(0= )

V3+i2 1- 3
(= 2)

When building up the MARVEL input file, we tested for
incorrectly labelled transitions in the dataset to ensure the correctness
of all the lines. As part of this procedure, obeyance of dipole selection
rules were checked. For the 13C1Q, isotopologue, they include

vibrational,

(_1)(sz+AV3) =_1 (3)
rovibrational,
DRSS Iy (4)
and rotational,
AJ=-1,0,+1, (5)

ifAJ=+1,thene—e, f—f,

if AJ=0,thene < fbutJ=0+0,

selection rules.?®> These selection rules, as well as the Pauli-principle
constraint, were all used to verify the labels of the experimental tran-

sitions obtained from the literature.

2.3 | Resonancesin CO,

Various types of resonances affect the infrared spectra of
carbon dioxide, such as Fermi, Coriolis, and #-type resonances.?>28
These resonance effects complicate the energy-level labeling due
to occurrences of overlapping transitions, contributing to the
complexity of the spectral patterns. Figure 1 shows the consider-
able effects Fermi-type resonances have on the experimental
spectrum.

The MARVEL procedure is able to find discrepancies in the
energy-level labels and can find transitions misassigned due to
various types of resonances. Nevertheless, a comparison
with the assignments present in the NASA Ames-2021 varia-
tional line list?” and the effective Hamiltonian Carbon Dioxide
Spectroscopic Databank (CDSD) line list®® was performed. In
accordance with recent studies that analyzed some of these

effects,3132

our study verifies many of the reassignments made.
We also make further reassignments, not suggested previously

(vide infra).
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FIGURE 1 Distribution of the Fermi ranking index, r, across the

experimental spectral region covered, illustrating the overlapping of
transitions.

24 | Beatfrequencies

Some of the states of CO, have been the subject of a series of high-
accuracy measurements of beat frequencies.>>** A beat frequency is
the result of mixing two frequencies. This kind of measurement
is often made using the heterodyne measurement technique, which
gives very accurate results. However, unlike absolute frequencies,
which form the input of the standard MARVEL procedure, beat fre-
quencies do not correspond to a specific line position and a pair of
lower and upper states. Beat-frequency measurements connect four
energy levels using just one frequency, which represents the differ-
ence between two transition frequencies. In an absolute frequency
measurement, the frequency (v) represents the difference between
two energy levels, vocE, —Eq1. For a beat-frequency measurement,
the frequency (v},) corresponds to the difference between four energy
levels, vy o (E2 —E1) — (E4 — E3).

Beat-frequency measurements cannot be used with the standard
MARVEL algorithm.n’ls'45 Initial tests, which included beat
frequencies as extra data in the MARVEL process, were found to lead
to ill-conditioned matrices even when the four levels involved in the
measured beats were well determined by the standard SN. llI-
conditioning occurs when the beat-frequency measurements have a
lower uncertainty than the standard measurements determining the
energy levels involved. Of course, this is precisely the case when

beat-frequency data are of real interest.

3 | METHODOLOGY

3.1 | Data collection

The present study started by collecting and analyzing literature
sources that discuss high-resolution rovibrational spectra of carbon
dioxide. More than 750 sources were analyzed and given a tag, using
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TABLE 1 Experimental sources of 13C!¢Q, rovibrational transitions, the wavenumber range they span, numbers of lines, uncertaintity

information and the labelling scheme used in each source.

Source
85Jolma®?
80PaKaAn%®
01Miller®*
83JoKaHo%®
86GuRa®®
78ReFI¢”
81PeWeMaSi**
84RiBeDeFe®®
85RiBeDe®’
84RiBe”®
12LyKaJalLu”*
86RiBeDe”?
82EsHuSaVa?*
86EsSaRoVa’®
86EsRo”*
83EsRo”®
77StToCI>*
78DeBaGrLi’®
78BaLiDeRa>®
84BaRo”’
15EISuMi”®
680bRaHaMcO>*
680bRaHaMcP>?
67Hahn>2
80Guelachvili”®
88BeDeRiFe®°
82BaRiSmRa*>’
14BoJalLyTa®!
55FrDi®?
65GoR0%?
16VaKoMoKa®?
05GaLiCeCa®
22MaBoPeS0®°
04DiMaRoPe>?
16BeDeSuBr®
08PeDeLiKa®!
15BoJalyTa®®
49GoMoMcPi®”
12ChSpMeJa®®
18KaSiCeMo®’
18CeKaMoKa?®
08PePeCa®?
06PeKaRoPe”*
16DeBeSuBr’?
07PeKaRoPe”®

Range / cm1
579-759
598-694
613-6796
613-685
619-2281
648-649
849-907
1852-2099
1859-1996
1983-2092
1996-6263
2056-2182
2142-2333
2142-2309
2143-2296
2150-2333
2077-2324
2173-2329
2179-2315
2192-2322
2214-2323
2214-2319
2228-2320
2228-2314
2235-2315
3246-3330
3420-3681
3460-3665
3592-3662
3600-3663
4315-4374
4321-4364
4488-4549
4636-8104
4695-4932
4703-6796
4728-5019
4728-4910
4866-4880
5702-5851
5733-5877
5892-6837
5957-6796
6078-6271
6130-6668

A/V?
507/507
79/79
611/611
68/68
75/75
14/14
31/31
335/334
55/55
106/106
383/383
79/79
674/662
562/515
340/291
237/236
834/834
91/91
679/675
198/198
60/60
144/144
140/139
126/125
117/117
31/31
1224/1224
210/210
47/46
30/30
10/10
9/9
20/20
4444/4417
430/429
1114/1112
99/99
48/47
9/9
233/233
68/68
489/489
761/761
102/102
484/484

csuP

5.00%x107*
1.18x107°
2.16x107*
4.50x1073
5.00%x107*
1.00x107°
2.07x107°
1.01x107°
1.00x1073
1.00x1072
1.00x1072
1.00x10°3
6.00x107*
8.26x107*
8.03x107*
6.91x107*
1.00x1072
1.50x107°
3.00x107°
1.00x10~*
3.00x10°¢
1.15x1072
1.20x1072
4.25x107°
1.58x107*
1.00x1072
5.00x107°
1.09x10~*
1.34x1072
5.00x10°°
2.00x107°
2.00x107°
3.20x107*
1.00x1073
1.39x107°
2.00x10~*
2.37x107*
1.00x1072
4.00x107°*
1.00x1073
1.00x1072
1.05x107°
1.00x1073
2.40%107*
2.00x10°°

MSU©

5.46x107%
1.90x107°
8.47x107*
4.50x1073
5.04x107*
2.26x107°
2.07x107°
1.69x107°
1.17x1073
1.38x1072
1.31x107°
1.16x1073
7.75%x107*
1.12x107°
1.04x1073
1.01x1073
1.29x1072
2.18x107°
3.56x107°
2.08x107*
3.00x10°¢
1.78x1072
1.45x1072
8.09x107°
3.36x107*
1.88x107°
4.80x1073
1.95x107*
8.17x1072
6.96x107°
2.61x107°
3.05%x107°
4.66x107*
1.68x1073
1.76x1072
5.54x10°*
4.80x107*
5.82x1072
8.42x10°*
1.10x1073
1.18x107°
1.57x107°
1.25x1072
416x107*
2.26x107°

Notation
Other
Other
Other
Other
Other
Other
Other
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
Other
Other
Other
Other
AFGL
Other
Other
Other
Other
AFGL
Other
AFGL
Other
Other
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
Other
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
AFGL
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TABLE 1 (Continued)

Source Range / cm™! A/V?
23LiCaZhHu’* 6270 1/1
10CaSoMoPe?® 7078-7916 2183/2183
09KaSoCa”® 7147-7774 318/318
10SoKaTaPe”” 7147-7916 369/369
17KaKaTaPe?® 7296-7916 159/159
14KaKaTaPe®? 7911-8104 429/429
53HeHe® 8065-8102 24/23
20KaKaCa'®? 8497-8678 35/35
05DiCaBeTa? 8815-9419 271/271
15PeSoSoLy!%® 9253-9419 73/73
05WaPeTaLi'%* 9256-9419 78/78
01WeCa'® 10,455-10,747 102/102
12LuLiPaLi® 12,272-12,462 168/168
99CaBaTeTal"” 12,311-12,462 62/62
00TaPeTelLe>® 13,577-13,734 65/65
14BiDeMaKa'%® 13,597-13,632 10/10

_WILEY_L "~

CHEMISTRY
csuP Msu© Notation
1.50x107¢ 1.50x107¢ AFGL
6.29x107* 8.30x10°* AFGL
5.00x107* 9.64x107* AFGL
1.00x1072 1.35x107° AFGL
1.00x107° 1.41x107° AFGL
1.04x1073 1.26x1073 AFGL
2.33%x1072 7.83%1072 Other
5.00x10~* 7.84x107* AFGL
2.27x107° 5.91x107° AFGL
5.10%107* 2.98x107° AFGL
3.15x10°° 3.62x107° AFGL
5.69%107° 6.22x107° AFGL
3.38x107° 3.41x107° AFGL
1.08x1072 2.01x1072 Other
7.43%x107° 8.01x107° AFGL
1.00x1072 1.89x1072 AFGL

?A/V = Available transitions/Validated transitions.
BCSU = Average claimed source uncertainty.
°MSU = Average MARVEL-suggested source uncertainty.

the same convention as in Reference 46. 179 of these sources were
then classified as sources that include experimental CO, line posi-
tions, of which 66 sources were identified as having experimental
13C160, line positions. Additional data were acquired through a pri-
vate communication and a conference proceeding.

Four of the sources identified®3353644

provide beat-frequency
measurements for 13C160,. In this work we do consider the 636 beat
frequency measurements of Reference 33, but only by comparing
them with the results of our standard MARVEL analysis. Inclusion of
these data in a full MARVEL analysis will have to await generalization
of the MARVEL algorithm. Reference 44 measured the beat frequen-
cies between the isotopologues 12C%¢0, and 13C%¢0, and also pro-
vided absolute 13C1¢0, frequencies. We were able to include the
absolute frequencies in our dataset without any further consideration.

47-50

Data from four sources were excluded from our final data-

set. Reasons for their exclusion is given in Section 3.4.

3.2 | Dataset construction

First, we constructed a dataset comprising the most reliable data, that
is, self-consistent data which also have low experimental uncertainty.
This master dataset included nearly 70% of our gathered data, the
remaining 30% included conflicting data, as well, which had to be ana-
lyzed carefully, line by line. For this purpose, we developed a code
that automates the MARVEL input procedure and detects lines that
produce conflicts with the master dataset. Such lines are referred to
as “bad lines”. A bad line is not necessarily incorrect, it simply shows
the lack of self-consistency in the SN assembled, and the problem
could be due to errors present in other lines.

Ouir first attempts to use this code produced over a thousand bad
lines. These lines were then carefully analyzed in order to minimize
their number. A large portion of the bad lines were due to misassign-
ments, the rest were due to typos, illegal transitions, and possible mis-
identification of the isotopologue or molecule.

After reducing the number of bad lines to only 36, which were
excluded from the final calculations, we began analyzing the uncer-
tainties suggested by MARVEL. At that point, our SN contained floating
components that contained around 300 transitions. 44 lines from
CDSD-2019% were used to link the floating components with the main
component, reducing the number of lines in the floating components to
less than 100. The remaining floating components are too fragmentary
to link to the main network, we would need to include many more semi-
empirical lines than was deemed to be reasonable. The lines from
CDSD-2019 were given an uncertainty of 0.0005 cm~1.

Our final dataset contains rovibrational transitions collated from
sources given in Table 1. Of the 20,754 experimental transitions gath-
ered, only 14,101 are unique. In fact, 10,665 transitions are measured
only once, while there are 5 and 32 transitions measured 10 and
9 times, respectively. The principal component of our final SN con-
tains 20,641 transitions, the other transitions form floating compo-
nents. The experimentally measured transitions involve 6520 states;
we were able to determine absolute energies for 6318 of them.

The 13C!€0, lines we have gathered cover the region from
579 to 13,735 cm~1. Figure 2 illustrates the distribution of the col-
lected data, using two vertical axes to help appreciate the amount of
experimental data acquired compared to HITRAN2020.°! One can
clearly see that most of the empty regions are due to transparency
windows, but there is still a need for more accurate experimental data
across the spectrum.
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FIGURE 2 Coverage of the transition data obtained from literature sources (see Table 1 for more details). The blue columns follow the left
vertical axis, each column covers a region of 25 cm~2. In the background, the spectrum from HITRAN2020°? is given in orange, with the right

vertical axis being the line intensity.

3.3 | Comments on literature sources used

67Hahn:>2 This source provides the same bands twice in two sets
of tables, with the second set of tables switching the assigned branch.
Our analysis shows that the first table (Table 1) provides the correct
branch. No data from other tables were taken.

680bRaHaMc:>® Provides two sets of transitions, recorded at two
different laboratories. The two datasets were included with distinct tags.
Tags 680bRaHaMcP and 680bRaHaMcO correspond to datasets from
the Pennsylvania and the Ohio laboratories, respectively.

77StToCl:>* Current theoretical linelists do not provide reliable
assignments for the high-energy bands of this source, specifically
004-003, 005-004, 006-005, 007-006, 008-007, 009-008, 014-
013, and 015-014, where ¢ is 1 in the latter two cases and zero oth-
erwise. To include these bands in our dataset, AFGL assignments were
manually given as: 00041-00031, 00051-00041, 00061-00051,
00071-00061, 00081-00071, 00091-00081, 01141-01131, and
01151-01141, in order. These assignments are based on the assump-
tion that these energy levels are not affected by Fermiresonances,
eliminating the complications induced by using older notations. These
assignments produced 27 energy levels not present in Ames-2021.%7
Reference 55 was used to verify our assignments.

78BaliDeRa:*® This source uses Herzberg's notation. While
updating the notation to AFGL, we had to split the 0311e-0310e
band into 11112e-11102e and 30001e-11102e. This could be an

assignment issue or a result of the difference in notation.

82BaRiSmRa:>” Uses Herzberg's notation. While updating the
notation to AFGL, we had to split the 0311e-0110e band into
11112e-01101e and 30001e-01101e; and split the 3000-0110 band
into 11112e-01101e and 30001e-01101e. This could be an assign-
ment issue or a result of the difference in notation.

00TaPeTeLe:>® Contains two transitions connected to an energy
level, 25200 5 2 e, not present in Ames-2021.%7 As this level is pre-
sent in HITRAN2020°? and the transitions do not break any selection
rule, they were included in the final dataset.

04DiMaRoPe:*° Provides over 4000 lines, but does not specify
which of these lines are blended, individual uncertainties are not given
either. The Q branch lines were not given a parity. The Pauli principle
constraint was used to assign parities to the lines. Additionally, this
source contains 91 lines which, according to our analysis, are misas-
signed, and it correctly assigns nine of the lines we suggest are misas-
signed in 16BeDeSuBr.*°

08PeDeLiKa:*! Provides over 3800 lines, but it specifies neither
which lines are blended, nor the uncertainty of individual lines. It
contains 41 lines for which we suggest new assignments. Correctly
assigns 46 lines that we suggest are misassigned in 04DiMaRoPe.>”

08PePeCa:3? Contains two lines which we suggest to reassign
and correctly assigns 45 lines misassigned in 04DiMaRoPe,”’ 9 of

31 and also correctly

which were already corrected in 08PeDelLiKa,
assigns 34 lines misassigned in 08PeDeLiKa.3!
16BeDeSuBr:®® Contains 15 lines for which we suggest

reassignments.
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TABLE 2 Reassignments of lines

suggested in this study. Position Line® Original band Suggested band Source
4695.798536 P(60)e 20012 — 00001 20013 — 00001 16BeDeSuBre°
4707.264592 R(28)e 30014 — 10001 30014 — 10002 16BeDeSuBr
4797.361758 P(58)e 30013 — 10001 30013 — 10002 16BeDeSuBr
4801.993159 P(54)e 30013 — 10001 30013 — 10002 16BeDeSuBr
4813.081178 P(44)e 30013 — 10001 30013 — 10002 16BeDeSuBr
4833.195386 P(24)e 30013 — 10001 30013 — 10002 16BeDeSuBr
6315.9293 P26)f 12222 -01101 23311-01101 04DiMaRoPe®’
6320.7489 P(21)e 12222 01101 23311-01101 04DiMaRoPe
6336.397 Q(19)e 23311-01101 12222 -01101 08PePeCa’®?
6336.397 Q(19)e 23311-01101 12222 01101 08PeDelLiKa'3!
6336.8879 Q(23)e 12222 -01101 23311-01101 04DiMaRoPe®?
6337.2449 Q(19)e 12222 -01101 2331101101 08PeDeliKat>?
6337.2449 Q(19)e 12222 -01101 23311-01101 04DiMaRoPe!*?
6351.0222 R(18)f 23311-01101 12222 - 01101 08PePeCa’™?
6351.0222 R(18)f 23311-01101 1222201101 08PeDeliKa'3!
6351.8689 R(18)f 12222 - 01101 23311-01101 08PeDelLiKa'
6351.8689 R(18)f 1222201101 23311-01101 04DiMaRoPe!*?
6358.3762 R(28)f 12222 01101 23311-01101 04DiMaRoPe
6402.7482 R(70)e 30011 — 00001 11122 — 00001 04DiMaRoPe’
6402.7482 R(70)e 30011 — 00001 11122 — 00001 08PeDeliKat>?
6452.1822 R(53)f 3221102201 21122 -02201 08PeDelLiKa®
6452.1822 R(53)f 32211 -02201 21122 - 02201 04DiMaRoPe!>?
6454.4725 R@47)f 21122 -02201 32211-02201 04DiMaRoPe’
6454.4725 R(47)f 21122 -02201 32211-02201 08PeDeliKa'®?
6458.3448 R(57)f 21122 - 02201 32211-02201 04DiMaRoPe®’

34 |

aThe J value and parity given for the lower state.
TThese are duplicate lines.

Comments on literature sources not used

from 21 sources, see Table 1. During the update, we found many lines

45NiYa:*’ The claimed uncertainty of this source is 0.07 cm~. It
covers the region 2243-2329 cm~1, which is well covered by other,
higher-resolution studies.

66GoMc:*® The lines provided are identical to those in a previous
publication from the same group.®*

82EsHuVa:*’ The lines provided are identical to those in another
publication.?*

06ZhQuReHu:*® The data show large discrepancies with other
sources. Although it covers the region 912-937 cm~1, which is not cov-
ered by any other source, no new energy levels are determined by this

source.

4 | RESULTS AND DISCUSSION
4.1 | Relabeling of states

For the sake of unifying the notation of the energy levels across the
entire dataset, we had to update the labels of 5149 lines collected

whose assignment disagreed with the rest of the dataset. To check
the assignments, these lines were compared to lines present in the
Ames-20212%7 line list. We propose corrections for 148 misassigned
lines, 18 of which are reported with the updated assignment within
experimental accuracy for the first time. These lines are listed in
Table 2.

4.2 | Dataset of empirical energy levels

The 14,101 unique rovibrational transitions gathered vyielded
6318 empirical rovibrational energy levels for *3C*%0,. Table A1 in
the Appendix summarizes the vibrational bands which could be deter-
mined based on the set of measured rovibrational transitions.

Figure 3 illustrates the distribution of the transitions used for the
determination of each energy level. As usual, this is a heavy-tailed
degree distribution. Figure 4 illustrates the uncertainty distribution of
our empirical energy levels. While the overall uncertainty is satisfac-
tory, more high-resolution measurements are needed to eliminate the
outliers and to expand the data coverage.
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43 | Beat frequency comparisons

While we were unable to extend our SN with the available beat-
frequency measurements, we were able to compare the originally
measured frequencies with frequencies computed using our empirical
(MARVEL) energy levels. Table 3 summarizes the results obtained and
contains a comparison with the beat frequencies of Reference 33. As
seen there, (a) in most cases MARVEL can reproduce the measured
frequencies within the MARVEL uncertainties, computed from the

uncertainties of the empirical energy levels, and (b) the MARVEL
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FIGURE 3 Number of transitions used for determining the
energies of each state.

uncertainties are significantly larger than the uncertainties of the
beat-frequency measurements. These observations show the impor-
tance and the utility of including beat frequency data in a

spectroscopic network.

44 | Comparison with line lists

A comparison of our data with available line lists shows good overall
agreement with both the CDSD-2019°° and the Ames-2021% data. It
should also be noted that our data show better agreement with
CDSD-2019 than with Ames-2021. Figure 5 shows systematic differ-
ences between the Ames-2021 and the CDSD-2019 data and illus-
trates the good agreement between our dataset and CDSD-2019. The
outliers highlighted in the figure were determined using only a single
transition; we tried to find more experimental data in these regions
but none was found. Figure 6 compares the energy-level coverage, as
a function of J, between our dataset and that of Ames-2021. Evi-
dently, we need a lot more experimental data for the region above the
10,000 cm1 region.

5 | SUMMARY

This paper describes a comprehensive analysis of the high-
resolution, rovibrational spectroscopy literature available for the
second most abundant isotopologue of carbon dioxide, 13C160,.
All the assigned transitions, altogether from 60 literature sources,

have been extracted and verified using appropriate selection rules,
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FIGURE 4 Uncertainty distribution of the empirical rovibrational energy levels of this study. Our average uncertainty is 0.0024 cm~1, with

179 outliers having an uncertainty above 0.01 cm~1.
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TABLE 3 Comparison of beat-frequency measurements from Reference 33, in MHz, with results of the present study.

Frequency?® Unc. Sequence transition Reference transition MP® MuU*© IV
-11,156.4 0.8 P(3)e 00021-10011 P(6)e 00011-10001 —11,148.9 24.2 -7.5
—9905.8 0.8 P(5)e 00021-10011 P(8)e 00011-10001 —9928.1 321 22.3
—8649.0 0.8 P(7)e 00021-10011 P(10)e 00011-10001 —8658.0 321 9.0
—7387.3 0.8 P(9)e 00021-10011 P(12)e 00011-10001 —7358.8 38.5 —-28.5
—6114.2 0.8 P(11)e 00021-10011 P(14)e 00011-10001 —6098.6 26.6 —-15.6
—4836.2 0.8 P(13)e 00021-10011 P(16)e 00011-10001 —4826.6 35.8 -9.6
—3548.0 0.8 P(15)e 00021-10011 P(18)e 00011-10001 —3564.2 34.1 16.2
—2252.3 0.8 P(17)e 00021-10011 P(20)e 00011-10001 —2229.6 43.2 -22.7
—948.5 0.8 P(19)e 00021-10011 P(22)e 00011-10001 —925.3 218 -23.2
365.0 0.8 P(21)e 00021-10011 P(24)e 00011-10001 367.5 24.0 -25
1687.7 0.8 P(23)e 00021-10011 P(26)e 00011-10001 1699.4 24.4 -11.7
3020.2 0.8 P(25)e 00021-10011 P(28)e 00011-10001 3039.4 304 -19.2
4360.9 0.8 P(27)e 00021-10011 P(30)e 00011-10001 4379.6 15.3 -18.7
5714.4 0.8 P(29)e 00021-10011 P(32)e 00011-10001 5742.0 20.5 —27.6
7077.1 0.8 P(31)e 00021-10011 P(34)e 00011-10001 7107.3 23.0 -30.2
8446.4 0.8 P(33)e 00021-10011 P(36)e 00011-10001 8473.6 20.3 -27.2
9832.0 0.8 P(35)e 00021-10011 P(38)e 00011-10001 9854.2 26.2 —-22.1
11,225.3 0.8 P(37)e 00021-10011 P(40)e 00011-10001 11,257.2 34.1 -31.9
12,631.0 0.8 P(39%)e 00021-10011 P(42)e 00011-10001 12,651.3 35.6 -20.3
14,047.5 0.8 P(41)e 00021-10011 P(44)e 00011-10001 14,080.7 29.6 -33.2
15,478.3 0.8 P(43)e 00021-10011 P(46)e 00011-10001 15,521.8 38.1 —43.5
16,921.9 0.8 P(45)e 00021-10011 P(48)e 00011-10001 16,958.9 38.0 -37.0
18,373.0 0.8 P(47)e 00021-10011 P(50)e 00011-10001 18,416.4 48.5 —43.3
—-17,907.8 0.8 R(7)e 00021-10011 R(4)e 00011-10001 —-17,881.1 40.8 —26.7
-19,117.7 0.8 R(9)e 00021-10011 R(6)e 00011-10001 —19,100.5 26.7 -17.2
—-20,317.7 0.8 11)e 00021-10011 R(8)e 00011-10001 —20,307.6 34.9 -10.1
—21,515.3 0.8 R(13)e 00021-10011 R(10)e 00011-10001 —21,526.8 321 115
—22,709.2 0.8 R(15)e 00021-10011 R(12)e 00011-10001 —22,680.0 417 -29.2
18,563.3 0.8 R(17)e 00021-10011 R(12)e 00011-10001 18,577.4 19.4 -14.1
16,784.1 0.8 19)e 00021-10011 R(14)e 00011-10001 16,792.8 26.6 -8.7
15,010.6 0.8 R(21)e 00021-10011 R(16)e 00011-10001 15,014.1 228 -35
13,235.2 0.8 R(23)e 00021-10011 R(18)e 00011-10001 13,255.1 304 -19.8
11,465.5 0.8 R(25)e 00021-10011 R(20)e 00011-10001 11,477.8 18.8 -12.3
9697.0 0.8 R(27)e 00021-10011 R(22)e 00011-10001 97284 18.6 -31.4
7928.1 0.8 R(29)e 00021-10011 R(24)e 00011-10001 7956.4 19.3 —28.3
6157.9 0.8 R(31)e 00021-10011 R(26)e 00011-10001 6177.7 19.2 -19.8
4388.8 0.8 R(33)e 00021-10011 R(28)e 00011-10001 4412.5 24.3 -237
2620.3 0.8 R(35)e 00021-10011 R(30)e 00011-10001 2645.9 33.5 -25.6
855.6 0.8 R(37)e 00021-10011 R(32)e 00011-10001 865.1 31.2 -9.5
-917.5 0.8 R(39)e 00021-10011 R(34)e 00011-10001 —890.2 28.8 -27.3
—2685.8 0.8 R(41)e 00021-10011 R(36)e 00011-10001 —2661.8 26.7 -24.0

2The beat frequency is given as the frequency of the sequence transition — the frequency of the reference transition.
PMP = MARVEL predicted frequency.

MU = Uncertainty of the MARVEL predicted frequency.

%The difference between the measured and the MARVEL-predicted frequency.
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FIGURE 5 Comparison between the MARVEL, Ames-2021,2? and CDSD-2019°° rovibrational energies (in cm~1). The average absolute
difference between MARVEL and Ames-2021 is 0.0161 cm™1, while the average absolute difference between MARVEL and CDSD-2019 is as
small as 0.0016 cm~1. The maximum absolute difference between MARVEL and Ames-2021 is 0.1516 cm~, while the maximum absolute

difference between MARVEL and CDSD-2019 is 0.0806 cm™1.
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FIGURE 6 Energy-level coverage of our dataset against that of

Ames-2021.27 See Table A1 of the Appendix for more information on
specific bands.

the MARVEL algorithm, and a comparative analysis against available
line lists. These extensive comparisons were performed to ensure the
validity of the labelling of the states involved in the measured

transitions. The conventions in use for the labelling of CO, lines were
briefly reviewed as in several cases a conversion had to be performed.

The validated data cover the wavenumber range 579-13,735 cm~!
Our detailed analysis reveals (a) areas in the spectrum where there is a
lack of data, (b) numerous inconsistencies in the vibrational assign-
ment of some of the measured transitions (we report 18 possible
errors for the first time), and (c) conflicting labels of higher-energy

5458 and theoretical line lists.

levels between experimental data

A comparison between our energy levels and those of Ames-
2021%° and CDSD-2019%° shows significantly better agreement with
CDSD-2019, highlighting the importance of fitting theoretical models
using available experimental data. Further research is being carried
out in our groups to analyze more isotopologues of CO,. Work is also
underway to explore methods of including the beat frequency data
into the MARVEL analysis procedure; initial attempts to do this show
that there are numerical difficulties with ill-conditioned matrices

which will need to be overcome before this can be done usefully.
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APPENDIX

TABLE A1l

Band

00001e
01101e
01101f
10002e
02201e
02201f
10001e
11102e
11102f
03301e
03301f
11101e
11101f
00011e
20003e
12202f
12202e
04401e
04401f
20002e
12201e
12201f
20001e
01111f
01111e
21102e
21102f
13301f
13301e
21101e
21101f
10012e
02211f
02211e
10011e
11112f
11112e
03311f
03311e
30001e
11111f
11111e
31104f
31104e
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Vibrational bands of 13C1¢0,.

LE®

0.0(0)
649.2595(2)
650.8258(4)
1265.8277(6
1299.6152(8
1301.9634(8
1370.0620(9
1897.319(1)
1898.8903(10)
1951.063(4)
1954.1962(10)
2037.874(1)
2039.4389(8)
2284.261645(3)
2509.874(1)
2543.438(2)
2548.141(1)

(
(
(
2603.589(3)
(
(
(
(

2607.517(1)
2647.401(1)
2702.611(3)
2704.958(1)
2752.933(1)
2921.0154(5)
2922.5648(2)
3311.539(1)
3371.802(1)
3389.614(1)
3413.120(1)
3438.443(1)
3441.584(1)
3528.5139(1)
3559.649(1)
3561.9795(6)
3633.68371(3)
4148.010(4)
4149.564(4)
4199.378(2)
4202.499(5)
4206.782(4)
4288.475(1)
4290.0213(3)
4405.447(2)
4492.891(2)

NEP
62
55
57
53
49
46
53
30
38
43
40
42
38
62
36
20
18
27
23
34
32
34
27
57
54
23
7
9
5
15
4
52
47
48
52
38
36
40
40
18
40
41
1
11
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Range of J Band LE? NE® Range of J
0-122 32214e 7163.9262(8) 25 3-53
1-109 04421e 7178.2085(3) 14 18-44
2-114 20021e 7209.179(1) 31 0-60
0-104 51104e 7243.8184(9) 19 15-51
2-106 34401e 7250.593(1) 30-36
3-103 34401f 7274.901(1) 31-39
0-104 40014e 7332.9823(3) 35 1-71
1-59 32213f 7362.027(1) 29 2-58
2-76 32213e 7364.361(1) 28 3-57
3-95 01131f 7394.356(1) 38 1-75
4-98 01131e 7395.882(1) 39 2-82
1-83 51103e 7409.7282(7) 16 15-55
2-80 40013e 7482.3457(5) 37 1-75
1-123 51102e 7491.4420(8) 32 3-65
2-80 32212f 7542.849(1) 32 2-64
5-45 32212e 7545.175(1) 29 3-65
6-44 21123f 7565.6256(7) 20 2-40
4-90 21123e 7567.931(1) 20 3-45
5-55 40012e 7600.8927(4) 36 1-73
2-80 13322f 7618.004(1) 6-22
2-64 13322e 7636.5848(7) 9-25
3-79 51101e 7717.3752(6) 20 9-51
2-54 32211f 7722.4531(9) 29 2-58
1-113 32211e 7724.778(1) 28 3-61
2-108 21122e 7727.7224(8) 32 1-63
7-53 21122f 7729.2660(6) 23 2-54
14-44 41115f 7738.188(1) 19 1-37
8-34 41115e 7739.740(1) 18 2-44
11-37 40011e 7749.8573(6) 36 1-71
3-41 33314f 7774.066(1) 18 3-39
4-32 33314e 7785.795(2) 16 6-40
1-105 13321e 7796.191(1) 20 3-43
2-104 13321f 7799.280(1) 20 4-44
3-105 21121e 7868.5992(6) 29 1-63
1-103 21121f 7870.1408(4) 28 2-60
1-75 15511e 7876.724(1) 1 50-50
2-72 41114f 7939.8873(7) 29 1-57
3-97 41114e 7941.4353(5) 28 2-56
4-94 10032e 7981.945(1) 39 1-77
12-50 33313e 8002.237(2) 13 6-34
1-81 02231f 8009.633(1) 33 2-66
2-82 02231e 8011.928(1) 35 3-71
12-12 33313f 8020.957(1) 15 9-41
19-39 10031e 8089.782(1) 36 1-73
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IBRAHIM ET AL

TABLE A1 (Continued)

Band LE? NE® Range of J Band

00021e 4543.550(1) 53 0-104 41113f
31103e 4549.1263(3) 18 7-49 41113e
31102e 4704.931(1) 22 7-49 33312f
20013e 4748.83708(3) 38 1-79 33312e
12212e 4775.651(6) 29 3-59 41112f
12212f 4778.759(7) 27 4-56 41112e
04411f 4840.208(2) 24 4-54 30023e
04411e 4854.254(1) 26 7-91 22222e
20012e 4888.158316(6) 40 1-79 22222f
12211f 4941.166(2) 35 2-78 15511f
12211e 4943.493(3) 31 3-63 33311f
20011e 4992.1243(2) 39 1-77 33311le
01121e 5169.369(1) 47 1-99 41111f
01121f 5170.911(1) 42 2-86 41111e
21113f 5357.785(1) 30 1-61 30022e
21113e 5359.336(4) 29 2-58 22221f
13312f 5448.714(4) 17 11-43 50015e
13312e 5458.073(4) 15 12-42 22221e
21112f 5520.696(3) 31 1-61 42214f
21112e 5522.245(8) 31 2-64 42214e
13311f 5609.807(4) 19 7-53 30021e
13311e 5630.831(4) 20 10-52 11132f
21111f 5663.0342(5) 32 1-63 11132e
21111e 5664.581(1) 32 2-66 03331f
41104e 5755.245(1) 29 3-61 03331e
41104f 5767.046(1) 11 6-36 33301e
10022e 5782.358(1) 16 6-36 50014e
02221e 5801.712(1) 26 4-60 11131f
02221f 5805.5644(8) 28 5-71 11131e
10021e 5880.227(4) 20 4-42 42213f
41103e 5934.4012(2) 26 5-57 42213e
30014e 5952.381(1) 38 1-77 50013e
22213e 5975.618(1) 31 3-65 42212e
22213f 5978.739(1) 20 4-42 42212f
41103f 5983.6934(2) 4 12-20 50012e
30013e 6120.3955(2) 44 1-89 00041e
41102e 6132.396(1) 6 11-35 42211f
22212e 6226.122(1) 27 13-69 42211e
30012e 6242.73997(9) 42 1-85 50011e
41101e 6261.692(1) 35 3-73 20033e
22211f 6328.367(1) 26 2-52 12232f
22211e 6330.697(1) 31 3-63 12232e
30011e 6364.3946(9) 42 1-83 04431f
11122e 6375.273(1) 38 1-75 04431e
11122f 6376.820(1) 28 2-66 20032e
42204e 6391.615(1) 9 6-36 51114f

Journal of

CHEMISTRY

LE®
8112.1577(7)
8113.6989(6)
8192.652(5)
8204.319(2)
8268.3841(6)
8269.9250(7)
8333.327(2)
8352.8655(7)
8355.1786(8)
8356.452(1)
8393.883(3)
8397.00(1)
8439.9659(8)
8441.4986(5)
8448.575(2)
8524.1457(8)
8530.4496(9)
8547.258(1)
8560.225(1)
8564.121(1)
8574.748(2)
8579.153(1)
8580.681(1)
8626.042(5)
8629.104(4)
8674.459(2)
8708.0391(7)
8720.153(1
8721.681(1
8747.8884(10)
8757.2092(8)
8836.3328(7)
8933.2445(9)
8936.349(1)
8970.8269(7)
8993.510(1)
9129.098(1
9133.005(1
9149.6947(8)
9159.6376(8)
9181.7870(10)
9184.0881(8)
9243.571(2)
9247.414(2)
)
)

)
)

)
)

9302.898(2
9329.999(1

NEP
30
28
19
18
30
28
19
19
21

18
18
28
27
16
18
23
16
16
16

37
34
25
27

25
29
29
19
20
27
20
19
20
32
14
16
21
30
27
28
14
14
27
11

_WILEY_L**

Range of J
1-59
2-58
3-47
6-46
1-59
2-56
6-44
2-38
3-43

61-61
3-43
4-38
1-55
2-54
4-50
3-43
1-45
8-40
4-34
5-41
6-28
1-73
2-68
3-51
4-58

79-79
3-53
1-59
2-60
2-44
5-47
1-55
3-41
4-40
1-41
0-62
4-30
5-37
3-49
1-61
2-56
3-59
4-36
5-35
1-53
5-31

(Continues)
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TABLE A1l

Band

42204f
11121e
11121f
31114f
31114e
42203f
42203e
14411e
31113f
31113e
50003e
00031e
42202e
42202f
50005e
50002e
31112f
31112
20023e
12222e
12222f
50001e
42201f
42201e
23311f
23311e
31111f
31111e
20022e
40015e
12221e
12221f
32214f

Journal of

CHEMISTRY
(Continued)
LE?
6426.900(1)
6515.888(1)
6517.430(1)
6553.7056(10)
6555.2570(3)
6604.2618(4)
6612.075(1
6673.179(1
6737.470(1
6739.017(1
6760.715(1
6780.9742(9)
6797.468(1
6806.056(1
6816.839(1
6837.173(2
6892.826(1

(
(
(
(
(
6894.368(1
(
(
(
(
(
(

)
)
)
)
)

6965.147(2
6989.223(4
6991.543(1
7002.735(1
7002.850(2
7012.223(2
7020.891(1
7046.5030(4)
7046.805(1
7048.348(1
7108.7059(5)
7142.9410(5)
7156.568(1)
7158.880(1)
7161.5776(10)

)
)
)
)
)
)
)
)
)
)
)
)
)

NE°
12
38
33
33
32
20
20
6
36
35
8
46
21
21
8
19
37
36
25
23
21
21
19
20
11
9
36
34
27
27
30
29
25

IBRAHIM ET AL.
Range of J Band LE? NE® Range of J
11-47 51114e 9334.7545(5) 3 6-10
1-75 12231f 9348.857(1) 19 2-38
2-72 12231e 9358.03(1) 19 5-41
1-65 20031e 9404.886(2) 28 1-55
2-64 01141f 9611.182(1) 21 6-46
9-53 01141e 9616.465(2) 20 7-47
10-48 21133f 9746.998(1) 23 1-47
33-45 21133e 9748.526(2) 23 2-46
1-77 13332e 9790.604(4) 18 4-38
2-72 13332f 9794.444(1) 19 5-41
16-48 21132f 9915.392(4) 21 3-43
1-91 21132e 9918.426(2) 16 4-34
10-58 21131e 10058.159(2) 14 4-30
11-59 21131f 10061.99(2) 15 5-33
34-52 10042e 10180.3674(8) 14 4-38
10-54 30033e 10492.208(7) 20 1-41
1-77 30032e 10617.579(5) 21 1-43
2-76 30031e 10735.547(5) 20 3-41
0-48 00051e 11184.232(2) 28 1-57
2-46 01151f 11794.690(4) 16 7-39
3-51 01151e 11800.676(2) 14 8-38
8-52 10052e 12341.784(3) 25 1-49
11-59 10051e 12453.345(3) 30 1-59
12-54 11151e 13060.919(3) 20 2-46
9-31 11151f 13063.184(3) 20 3-41
12-30 00061e 13352.404(2) 25 2-52
1-71 20052e 13624.652(7) 19 1-39
2-70 20051e 13726.351(7) 19 1-39
2-56 00071e 15498.060(2) 21 3-45
1-53 00081e 17640.311(2) 12 8-34
2-60 00091e 19798.365(2) 8 15-29
3-59
2-50

2LE = lowest energy-level value within the J range with uncertainties in parentheses.
PNE = Number of energy levels.
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