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ABSTRACT

Our knowledge of astronomical environments containing CO depends on accurate molecular data to reproduce and interpret observed
spectra. The recent and future improvements of ultraviolet space instrumentation, both in sensitivity and resolution, require increasingly
detailed laboratory molecular spectroscopy as a reference. As part of a long-term experimental campaign at the SOLEIL Synchrotron
facility, we have acquired gas-phase absorption spectra of six CO isotopologues in the vacuum ultraviolet. These spectra are recorded
using the Fourier-transform spectrometer installed on the DESIRS beamline, providing a unique resolving power up to 10° in the
8-13 eV range. We have used resolutions in the 300 000—450 000 range for this campaign, which enable the analysis of individual line
positions. We report new measurements on neighboring Rydberg states in the 101-115 nm range that could also be used as f-value
calibrators, namely B'T*, C's*, and E'T], for six CO isotopologues. This range encompasses the absorption transitions B(v' =0, 1, and
2),C(v' =0, 1,2, and 3), and E( =0, 1, 2, and 3) from X'Z* (v = 0). Higher resolution laser-based measurements of CO isotopologues
from the literature are used to improve the absolute calibration and accuracy of our data. The overall uncertainty of the great majority
of the line positions presented in this atlas is estimated to be 0.01 cm™!. In addition, some of the data derived from transition energies
measurements, such as term values and molecular constants, are obtained for the first time, and others are improvements on previous

sparser or lower spectral resolution datasets.

Key words. molecular data — methods: laboratory: molecular — techniques: spectroscopic — techniques: interferometric

1. Introduction

This work is part of a larger effort to catalog, interpret,
and model the photoabsorption spectrum of CO in the 90—
155 nm wavelength region. These measurements are performed
at the third-generation SOLEIL synchrotron facility in Saint-
Aubin, France. We employ the Fourier-transform spectrometer
(FTS) installed on the DESIRS beam line, a unique instrument
that combines high spectral resolution and a high signal-to-
noise ratio (S/N) in the vacuum ultraviolet (VUV) wavelength
range.

In the course of our earlier work (2008-2015) on CO pho-
toabsorption spectroscopy in the 90-155nm region, we were
mainly interested in oscillator strengths and perturbations for
several CO isotopologues. A large part of this work concerned
the Rydberg W—-X bands and Rydberg complexes in the 92.5—
97.5 nm range: Eidelsberg et al. (2012, 2014, 2017) for 12¢l6Q,
Bcl6Q, 12C180, and '3C'80, respectively, and perturbations

* Previously at Observatoire de Paris (LERMA), France.

Article published by EDP Sciences

in the W-X bands (Heays et al. 2014) and the f-value mea-
surements of the lowest VUV states (Stark et al. 2014), while
another part dealt with the A—X bands for '*C'0 (Gavilan
et al. 2013) and 3C'"80 (Lemaire et al. 2016). The common
goal of these studies was the accurate determination of oscillator
strengths, with an absolute calibration made by reference to the
unperturbed B'X+(v' =0)-X'Z*(v” = 0) band that was previously
well characterized by high-resolution (0.14cm™") laser-based
measurements (Stark et al. 1999) and by synchrotron-based mea-
surements (Federman et al. 2001). The B'Z*—X!>* bands were
already extensively investigated for four isotopologues ('2C'°0,
1Bcleo, 12¢13Q, and '3C'®0) in both absorption and emis-
sion (Eidelsberg et al. 1987) using the Observatoire de Paris
(Meudon, France) 10 m VUV grating spectrograph. In that work,
term values were derived for the B0OO, B10, and B20 absorp-
tion bands. The uncertainty on the absolute wavenumbers was
estimated to be +0.1 cm™'.

Throughout this paper, the notation is simplified as follows:
states are designed by their symmetry (e.g., X'X* or E'II), while
a band is denoted E'TI(v")-X'Z*(v"") or for brevity EXv'v"”, for
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example, EX20 for v’ =2 and v”” =0, or shorter: E20. The nota-
tion indicating the isotopologues is also simplified in tables and
figures, where we write, for example, 1216 for '>C'60, etc.

The current investigation describes our high-resolution mea-
surements of the B!X*, C!T*, and E'II states for six CO
isotopologues in the 101-115 nm range. This range encompasses
the following absorption transitions: B(v’ =0, 1 and 2), C(v' =0,
1, 2 and 3), and E(v'=0, 1, 2 and 3) from the fundamental
electronic state X(v”/ =0).

This work revisits and completes, 25 yr later, part of the
CO atlas of transition frequencies started by the Paris-Meudon
Observatory team (Eidelsberg et al. 1991; Le Floch 1992),
and initiated by the work of Letzelter et al. (1987) and
Viala et al. (1988) on the photoabsorption and photodisso-
ciation cross sections, either measured or calculated for the
four isotopologues '2C'°0, 2C'30, 3C'®0, and 3C'®0. It
improves and completes calculations derived from the com-
bination of earlier low-resolution measurements of term val-
ues and molecular constants of BOO and B10 for '*C!'°O
(Le Floch & Amiot 1985), of C00 and E00 for '>C'®0O
(Le Floch 1992), and of B00, B10, C00 and EOO for
2C80 and 3C'0 (Haridass et al. 1994). Line positions
of B20 for '>C!®0O have been studied by Baker & Launay
(1994).

This work also revisits and completes earlier experimental
work at low resolution on EOO and E10 (Baker et al. 1993, 1994).
Higher resolution work (Cacciani et al. 1995, 2001; Cacciani &
Ubachs 2004; Drabbels et al. 1993a,b; Ubachs et al. 1995, 2000)
is discussed in detail in Sect. 2.1 as these data are used in this
work for the absolute calibration of our data.

It is also worth mentioning the extensive work of Morton
& Noreau (1994), which provides a compilation of electronic
transitions (including BX00 to BX20, CX00 to CX30, and
EXO00 to EX20) in the CO molecule (12C'¢0Q, 12C'80, 13C!°Q,
and '3C'80). Line positions are limited in this work to J” <6.
This paper includes all experimental data published up to
1994.

A first detailed model of CO photodissociation, based on lab-
oratory data, including depth-dependent attenuation and isotope-
selective self-shielding of photodissociation rates, was devel-
oped by van Dishoeck & Black (1988) to model in detail,
coupled with a chemical network, the structure and chemistry
of a variety of interstellar clouds. This work, updated by mea-
surements produced in the subsequent 20yr, was revisited by
Visser et al. (2009), including self- and mutual-shielding of
all isotopologues (in particular, for the first time, '>C'7O and
13C!70) as well as shielding by atomic and molecular hydro-
gen.

All term values are referenced to the X'X*(v” =0, J” =0)
ground state of the respective isotopologues, according to the
ground-state energy levels determined by Guelachvili et al.
(1983) and Farrenq et al. (1991).

This work only reports and is based on lines that are observed
and clearly identified in spectra, with the exception of the
extremely congested Q-branches of the E state (at low J) for
which we report in our tables literature values obtained at very
high resolution (for EOO and E10) or estimated (for E20) for the
sake of completeness.

This article is organized as follows. Section 2 briefly
describes the experimental setup and the analysis procedure.
Section 3 presents our results: line assignments, term values,
and molecular constants for each state (B, C, and E) and bands
observed. The last section presents our concluding remarks.
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2. Experimental setup and data analysis

CO spectra are recorded at high resolution using the vacuum-
ultraviolet Fourier-transform spectrometer (VUV-FTS) available
on beamline DESIRS (Dichroisme Et Spectroscopie par Inter-
action avec le Rayonnement Synchrotron) of the SOLEIL syn-
chrotron. The beamline and spectrometer have been described
in detail in previous publications (de Oliveira et al. 2009, 2011,
2016; Nahon et al. 2012, 2013).

Four bottles of isotopically purified gases, namely '>C!'°0
(Alphagaz, 99.997%), '>C'80 (ICON Isotopes, 0 99%),
3160 (Messer, 3C 99.1%; '°0 99.95%), 3C'80 (Cambridge
Isotopes, *C 99%, '80 95%), and one bottle containing a
12¢160/12C70/"2C'80 mixture (ICON Isotopes, 41.5%, 48.5%,
and 9.9% respectively), are used to obtain data for five isotopo-
logues. The presence of a sixth isotopologue, the rarely studied
13C!70, is detected as an impurity in the 3C'°0O and 3C'80
bottles, and serves to complete this analysis, which provides a
consistent dataset on six natural isotopologues.

Sample gases continuously flow through a 10 cm long win-
dowless absorption cell that is open on both sides through
capillary tubes. Most spectra are recorded at room temperature
(295K), but a few are obtained with the central part of the
cell cooled by liquid nitrogen; this results in a gas temperature
of 90 £ 5K. In some cases, these cooled spectra are useful for
improved line assignations by reducing the number of lines in a
spectrum and their Doppler broadening.

A total of 69 spectra, recorded at different pressures and
spectral resolutions, were analyzed for this work (amounting to
3327 individual lines). The analysis was performed line by line,
determining the line positions by modeling them as Gaussian or
Voigt functions (for ~97% of the cases), and at times extracting
them from simulations of the spectra of blended lines. In order
to improve the accuracy, the present results rely on up to four
different records for a given band and a given isotopologue. The
bands observed in this work are reported in Table 1.

A key element of this work is the need for absolute wave-
length calibration. The first step in the calibration procedure is
provided by the FTS team. In summary, the raw FTS interfero-
gram data based on the accurate measurement of the mirror dis-
placement are first phase-corrected and then Fourier-transformed
into a frequency spectrum. The resulting spectra are frequency-
calibrated using atomic lines from different origins that appear
in the spectra (de Oliveira et al. 2011, 2016). The accuracy of
individual rovibrational lines is not only dependent on the accu-
racy of the absolute frequency calibration atomic lines, but also
on the spectral resolution and on the strength and blendedness of
each measured line. The parameters involved are the number, N,
of independent scanning steps for a given line, which depends
itself on the width, W, (mainly Doppler) of the measured line,
and on the S/N compared to the background continuum signal.
The final accuracy of line positions, o in wavenumbers, reported
by de Oliveira et al. (2011), is based on the empirical expression
A(o) ~ W/(S /Nx VN) (see also their reference 20).

Lemaire et al. (2016) reported line positions determined
from VUV-FTS spectra with a relative accuracy better than
~+0.008cm™" at 87000cm™' (or ~+0.01 pm at 115nm). A
comparison of wavenumber measurements of common sets of
lines from multiple independent spectra is consistent with this
estimated accuracy.

Two methods were used to place all spectra on a unique
wavelength scale. First, more than 30 atomic lines (mainly Xe
I, Kr I, and sometimes O I) present in the studied range were
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Table 1. Summary of bands measured at high resolution.

State X'T* Bzt c'zt E'TI

Band X BX CX EX
v-v"’ v=0 00 10 20 00 10 20 30 00 10 20 30

Isotopologue

Zcleg * v v v v v v v v v v /
12¢70 * vV Vv m v Vv mno v Vv Vv vV V
2ci8p * v Vv Vv v v v v v v v
Beleg * v v v v v v v v v v /
3¢l70 * vV Vv m v Vv mno no v v 1no no
Bc8o * v v v v v v v v v v

Notes. : observed, no: not observed. * are data calculated from Farrenq et al. (1991).

Table 2. References to the high-resolution calibration band or lines used (reference labels sorted by publication dates are given at the bottom of the

table).
State B'st Cclz* E'l
Band BX CX EX
vy’ 00 10 20 00 10 20 30 00 10 20 30
Isotopologue
2C1%0 Dies ClosJi Cie Ape  bre, €e i o, Zbe dies hpe, ji e, de, T
12¢c170 Cle g de fp
12C80 Cle e Ce, Zpe a., da as, do, T,
Bclso Cre» ke € €er Zho ae, de, hpe @, do, T
13cl70 g fb
BCi*o Zbe a,, hy a,, T

Notes. References providing data for bands with fewer than about ten lines are indexed with / and for more than ten lines with b. References
providing term values and/or molecular constants are indexed with a filled blue dot.

References. a: Baker et al. (1993, 1994); Baker (1994). b: Drabbels et al. (1993a). c: Drabbels et al. (1993b). d: Cacciani et al. (1995). e: Ubachs
et al. (1995). f: Ubachs et al. (2000). g: Cacciani et al. (2001). h: Cacciani & Ubachs (2004). j: Dapra et al. (2016). k: Niu et al. (2016).

used with reference frequencies taken from the NIST atomic
lines database'. The presence of these gases is due to uninten-
tional minor contamination or to a column of rare gas introduced
on the beamline intended to filter out high-frequency harmon-
ics generated in the undulator. Most of these lines have been
measured with an accuracy of 107 nm and some with an accu-
racy of up to 107°nm. These latter are O I: 115.21512nm
(Kaufman & Edlén 1974), Xe I: 106.125564 nm, 105.612829 nm,
104.383497 nm (Yoshino & Freeman 1985; Brandi et al. 2001),
and Kr I: 100.1060639 nm (Brandi et al. 2002). The positions of
these lines are shown in Fig. 1.

Second, the random error associated with calibrating the
wavenumber scale via a small number of atomic transitions can
sometimes be improved upon by including reference data for
molecular lines. For this aim, high-resolution laser measure-
ments of some CO lines (and isotopologues) available in the
literature were employed (Cacciani et al. 1995, 2001; Cacciani &
Ubachs 2004; Drabbels et al. 1993a,b; Ivanov et al. 2008; Philip
et al. 2004; Ubachs et al. 1994, 1995, 2000, and recently Dapra
et al. 2016). Most of these measurements, obtained by narrow-
band laser spectroscopy in one- or two-photon experiments,
rely on the I- or Te,-saturation spectrum as primary absolute
calibrators, associated with the marks of an actively stabilized
Fabry-Pérot étalon. They are summarized in the next subsec-
tion (in alphabetical order) and are cited in the corresponding
sections.

! http://physics.nist.gov/PhysRefData/ASD/lines_form.
html

To overcome the lack of calibration data for some bands, we
considered the overlapping regions of contiguous scans. A given
setting of the undulator delivers a quasi-Gaussian beam profile
of width ~5nm at 1/e of the peak signal. An absorption scan
encompasses about 3—5 bands, as can be seen in Fig. 1. With
the right choice of undulator settings, we were able to measure
at least three bands in a single scan. In this way, a band with no
calibration reference can be surrounded by two bands subject to
accurate calibration, for instance, the B20 band surrounded by
the B10 and COO bands.

The final accuracy of our measurements also relied upon
isotopologue cross calibrations. These were obtained through
mixed isotopologue samples (as is the case for the available
12¢160_12C17Q pottle, which contains some small amount of
12C180, and as in the case of '*C!70, which was present as
an impurity in *C'%0 and '*C'30 bottles). Even with pure gas
samples, isotopologue impurities may show up in spectra that
were recorded at high pressures. We also prepared and used
on purpose mixed isotopologue samples allowing for such cross
calibrations.

It is worth noting that more data were collected for this
work than are included in papers dedicated to oscillator strength
measurements. Those are restricted in pressure range and con-
sequently in number of lines observed, in order to keep optical
depths <1.5, or absorption lower than 78%, for the accurate
determination of oscillator strengths. For this study we used
higher pressures in order to observe high J’ levels and isotopo-
logues present in small amounts. As described above, we also
use cooled gases to remove possible ambiguities.

Al14, page 3 of 62


http://physics.nist.gov/PhysRefData/ASD/lines_form.html
http://physics.nist.gov/PhysRefData/ASD/lines_form.html

A&A 614, Al14 (2018)

2.1. Laser calibration benchmarks and associated data

An absolute calibration of lines requires the availability of accu-
rately determined standards, either atomic or molecular, as close
as possible to the lines under study. There are many reported
laser-based measurements of CO VUV transitions with accurate
absolute calibrations based on primary standards. Some previ-
ous work has been limited to a few lines of each vibrational
band, while others offer almost complete bands for use as com-
parisons for calibration purposes. Data like this exist for most CO
isotopologues. They are summarized in detail in this section.

Reports of laser-based measurements that were used to accu-
rately calibrate our spectra often also presented an analysis
of the rotational structure of the bands under study, providing
associated data such as term values, reduced term values, and
molecular constants. These results are also mentioned in detail
in this section as they are compared later to our own results.

Depending on the data available, laser calibrated bench-
marks could in some cases be derived from transitions other
than the one-photon P, R, and Q transitions of this study.
When two-photon O, S, or Q transitions were available, the
corresponding one-photon transitions for the R- and P-branches
were recalculated by way of term values, taking into account
that common-J’ term values (TVs) of the excited state calcu-
lated from various one- and two-photon transition frequencies,
that is, TV(Oy=icyr=is2), TV(Pr=icyr=i1), TV(Qr=ic =),
TV(Ryzj—yr=i-1), and TV(S y—j—j»=i—2), have to be equal.

We summarize below all references providing laser calibra-
tion benchmarks that were used for this work, as well as the
associated data mentioned above. They are sorted by alpha-
betical order of authors. With the exception of the first laser
high-resolution measurements (Baker et al. at Paris-Meudon
Observatory and Drabbels et al. at Nijmegen University), the
majority of CO molecular calibration lines used here were
measured using ultra-high resolution lasers at VU University
Amsterdam (Cacciani et al., Dapra et al., Ivanov et al., Niu et al.,
and Ubachs et al.).

Baker (1994)

This paper reports some perturbations observed in the B20 state
of 12C'°0 that are due to the interaction with the 3IT(F1) spin-
orbit component of the X*T1(0)~X'Z*(0) band. Line positions and
term values are given for B20 and kX00.

Baker & Launay (1994)

This paper analyzes the X*TI(v" =2, 3 and 5)-X'Z*(0) bands, the
first one perturbing the E0O band, and the last one the E10 band.
Line positions and term values are given for kX20, kX30, and
kX50.

Baker et al. (1993, 1994)

These papers provide a study of the EOO0 and E10 bands for
four isotopologues, '2C'%0, 13C'®Q, 12C'30, and *C'30. Spec-
tra were recorded using 2 + 1 resonantly enhanced multiphoton
excitation showing the five rotational branches O, P, Q, R, and
S at a resolution of ~0.1 cm™'. Spectra were acquired either sep-
arately for each isotopologue or with mixtures of several, and
were then separated by time of flight mass spectrometry, in order
to obtain an accurate relative calibration between isotopologues.
Perturbations of E10 were analyzed. Term values (for three iso-
topologues of E00 and four of E10) and molecular constants (for
E10) are also given for the four isotopologues.

Cacciani & Ubachs (2004)

This paper gives Q-branch transition frequencies of EQ0 [Q:
J' =1-8] for '>C'°0 and [Q: J' =1-7] for 3C!60 and 3C!80.
Measured and calculated transition frequencies for E0O of
12C1Q [up to J' =34 with gaps] and '*C'°0O [up to J' =42
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with gaps], obtained by three different experimental methods,
are accessible as supplementary data.

Cacciani et al. (1995)
This paper provides a few term values for '>C!60 (the EOO band
[J/ =31, 41, and 44] and E10 band [J’ =5-13]), focused in both
cases around perturbations. Molecular constants are also deter-
mined for '2C!%0 (E00 and E10), 13C!°0 (E00 and E10), 12C!80
(E00 and E10), and '>C'70O (E00). Transition frequencies were
tabulated in a later paper (Cacciani & Ubachs 2004).

Cacciani et al. (2001)
This paper provides transition frequencies for R- and P-branch
lines of the C10 band for 2C1°0Q [R: J' =0-27; P: J' =1-31],
2CB8Q [R: J'=0-13; P: J'=1-8,10], 13C'%0 [R: J'=0-15;
P: J'=1-5,9-20], *C'80 [R=J"=0-5,8-12; P: J'=1,3,5-8],
and a few for '2C"70 [R: J'=0-2; P: J'=1] and 3C'70 [R:
J' =0-1,3-5; P: J'=1-3]. Molecular constants are also calcu-
lated for the six isotopologues, although at lower accuracy for
12cl70 and 13cl70.

Dapra et al. (2016)
This paper is mainly based on data for '>C'®O published by the
Amsterdam team over several years and gives measured wave-
lengths (Tables 6-8; called molecular parameters) for the R and
P (and Q for E00) J’ = 0-5 transitions of the B0O, C00, and EOO
bands. Their results are expressed with an accuracy of up to the
sixth digit (in nanometers) and an error bar of between 3 and
13 in units of this digit. The restriction to the lowest rotational
states (J' <5) is due to the fact that this paper is aimed at the
comparison with quasar observations. These data are the most
accurate to date. They result from measurements and not from
calculations, as can be deduced from the fact that term values
for a given level, determined through the R- and P-branches, are
not strictly equal.

Drabbels et al. (1993a)
This paper reports observed transition frequencies for '>C!¢0 of
the Q- and S-branch lines of BOO [J' =0-14 for Q and 0-1 for
S1 and of CO0 [J'=0-6 for Q and 0-1 for S]. Corresponding
molecular constants are also calculated from these data.

Drabbels et al. (1993b) This paper completes the previous
paper with additional measurements of Q lines for B10 [J' =0-
2], for *C'%0 B0O0 [J'=0-2], and for '>2C'30 B00 [J’ =0-1].
There is also a slight revision of '>C'°0 B00 [J' =04 for Q
and 0-1 for S'], but as this paper was submitted earlier than the
previous paper, it is not clear which should be considered as the
more accurate.
Molecular constants are calculated for these four bands.

Ivanov et al. (2008)
This paper reports ‘“extreme-ultraviolet laser metrology of
O I transitions” (about 20 lines in the 94.86—102.82 nm range)
that are used for absolute calibration purposes, when oxygen is
present, for E20 and higher energy states.

Niu et al. (2016)
While focused on the spectroscopy and perturbation analysis of
the A'TI(v=0) state of '3C'%0, this paper provides deperturbed
molecular constants for BOO.

Ubachs et al. (1994)
This paper summarizes the work performed in the 91.2-115nm
range by the Amsterdam and Nijmegen teams over several years,
reporting molecular constants for many states of four isotopo-
logues and, of relevance to the present work, for 12¢cleg (B0OO,
B10, C00), *C'®0 (B00), and >C'80 (B00).

Ubachs et al. (1995)
This is a laser spectroscopic study of >C'7O (observed here for
the first time) R- and P-branch lines of C0O0 [J’ = 10-17 for R and
10-15 for P] and derived molecular constants. The latter are also
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given for C00 and C10 for '2C'°0Q, 13C'°0, and '>C!80, but no
transition frequencies are available.

Ubachs et al. (2000)

This paper reports the transition frequencies of E10 for six
isotopologues. For '2C'0 [R: J'=0-26 with three gaps; Q:
J’ =8-21 with two gaps; P: J' =5-28 with three gaps], '>C'80
[R: J'=0-11; Q: J' =8-13 with one gap; P: J' =2-13 with three
gaps], 1*C'°0 [R: J'=0-20 with five gaps; Q: J' =7-23; P:
J'=2-20], 3CB0O [R: J/=0-20 with two gaps; Q: J' =1,18;
no P, a few for '>C'70 [R: J'=0-1; Q: J'=1-2; no P] and
for BCY0O [R: J' =0-12 with six gaps; Q: J' =1-12; P: J' =3].
The very high resolution (up to ~3 x 10%) achieved by a narrow-
band laser source allowed assigning the Q-branch lines with an
absolute accuracy of 0.003 cm™! for all six natural CO isotopo-
logues. Molecular constants are also derived for the ground-state
X (v =0), E10 and the perturbing k60 bands.

References to the available absolute high-resolution calibra-
tion band or lines we used are summarized in Table 2 for each
band and for each isotopologue. The availability of term val-
ues and/or molecular constants derived from the laser-based
measurements is also noted in the table.

We also mention the mainly theoretical work of Lefebvre-
Brion & Eidelsberg (2012), which presents molecular constants
(T, and B,) for E00, E10, E20, and E30 derived from our VUV-
FTS high-resolution CO datasets, extracted before the absolute
wavelength calibration of this work.

2.2. Data analysis
2.2.1. Atlas of measured wavelengths and wavenumbers

In order to place the atlas on an absolute wavelength scale,
we compared our measured data with the entire set of cal-
ibration references from Table 2 (including all isotopologues
when available). The average of their differences provides the
value of a shift that was applied to correct the raw experimen-
tal wavelengths. As proof of the accuracy of the data delivered
by the VUV-FTS team, this correction was usually very small
(<3.4%x 107 nm or 0.03cm™"). Two sets of measured transition
energies (including calibration shift corrections from the wave-
length standards), R, and P,;, corresponding to the R- and
P-branches (and additionally Q,, for 11 states), were the result
from this procedure.

In order to check the quality of our transition energy deter-
minations, we compared for each J’ the values of

A = Ry=iv1gr=i) — Pr=ir1yr=ir2) to those of
B = Xyr=iv2 = Xyr=is

according to the method of combination differences (Herzberg
et al. 1950). For each band and for each J’, we calculated the
difference A—B between these two quantities, which we defined
as 2 X op.

These differences lead to uncertainties in the term values
TVg and TVp. Some publications interested in precise term val-
ues shared equally for each J’ the difference between TV and
TVp (or between R and P, in order to calculate corrected tran-
sition energies R oy = (Rys — 0p) and Py = (Pyys + 0p), Which
produces a single best-term value based on both lines. We did
not follow this procedure here, but kept the measured values.

2.2.2. Atlas of term values and molecular constants

For each measured band, we used the line positions of R- and
P-branch lines that terminate on the same upper rotational levels
to calculate common upper-level term values with uncertainties.

The agreement of the term values calculated from inde-
pendently measured P- and R-branch transitions with a com-
mon upper J-level, TVg, and TVp, is never perfect because
of experimental noise and in some cases line broadening.
However, as we described above, the excellent reproducibil-
ity of the measurements obtained with the VUV-FTS for a
given band and a given isotopologue from spectra recorded
at different times suggests that when the discrepancy is
larger than the random fitting errors, it reveals the possi-
ble presence of a local perturbation that modifies the shape
of one of the lines involved. For each J' =i + 1 level, the
final term value was obtained by averaging the term values
TVr=Ryivicp=i+Xp= and TVp=Pyp_i 2+ Xp—is2
that were calculated from measured line positions of each rota-
tional branch, R, and P, The relative difference is again
2X0p. As a final result, R,,s, P,s and dp values are tabulated
for each band and isotopologue. Both R,,; and P, are given in
wavelengths and wavenumbers (and 6p in wavenumbers), and
are presented in separate tables for '?C- and '*C-bearing CO
species.

Term values of the upper levels for all six isotopologues were
derived from these two independent measurements. They are
presented in separate tables for each band. while reduced term
values are shown with graphs for better visualization. We must
be careful for high J’ term values in two specific cases: (a) a
high value of §p (we adopted in this work a limit of 0.125 cm™")
might mean that one of the lines is less well identified than the
other (or does not belong to the studied band), even if the two R
and P lines are both clearly observed, and (b) no dp value indi-
cates that only one transition is present, either R or P. In the
first case, we kept the TV derived from a single level, while in
the second case, erratic TV values had to be rejected. All these
tables and graphs are introduced for each state in the following
sections.

For each band and isotopologue, the statistical uncertainty
on term values was obtained by calculating over all J’, when
both R and P levels were measured, the average and standard
deviation (at 207) of 2 X dp/2. The division by a factor of two
takes into account that each term value results from two indepen-
dent measurements (R,,, and P,,,) and that at least two different
records (up to four in some cases, as described above) provide
the same line position results. Each average is displayed in sta-
tistical tables, alongside its standard deviation (at 207), showing
the dispersion in our measurements. An average closer to zero
means that the §p values are randomly distributed, ensuring no
bias in our measurements. A standard deviation closer to zero
signifies a high probability of the absence of perturbation(s).

The molecular constants 7,, B,, and D, were least-squares
fitted to the experimental term values using a second-order poly-
nomial. Following the above remarks, only a subset of term
values was considered at times, particularly for high J’ term
values. Reduced term values were finally calculated for each
vibrational level by subtracting a model defined by

TVWJ) =T, + B, x J(J + 1) = D, x J*(J + 1)

for the e-parity levels of the B'S* and C'E* sates and the
f-parity levels of the E'II state, while for the e-parity levels of
E'TI, the additional term

gxJJ+1)—qgpxJ*(J + 1)

takes the A-doubling of this state into account (so that g=B, —
By and gp =D, — Dy, where the e and f subscripts refer to the par-
ity of the considered levels). For the E'II state, the A-doubling
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components can be either calculated by subtracting the molecu-
lar constants deduced from the e- and f-parity levels, or they can
be directly obtained by fitting the TV ,~TV differences for each
level to a second-order polynomial. The results of both methods
are presented in Sect. 3.5. Their values were graphically com-
pared according to their oxygen isotopic content to check for
anomalies that are due to perturbations. In almost every case,
our molecular constants were generated by much larger datasets
than those referenced in Sect. 2.1 (see also Table 2).

It is worth noting that the lines in the R- and P-branches
are in general not observed up to the same J’. It is also pos-
sible, in the case of high-pressure spectra, that some lines
observed at high J’ values belong to a weak unidentified under-
lying band. As a consequence, some reduced term value graphs
could present a break or jump for the last higher J’ values.
This break, however, could correspond in some cases to a real
perturbation.

3. Results and discussion

The results presented here constitute the first part of an atlas of
the Rydberg states at wavelengths below 115 nm for six isotopo-
logues of CO. They update and complete the previous CO atlas at
the higher resolution provided by the VUV-FTS coupled to the
SOLEIL synchrotron (Eidelsberg et al. 1991; for revised band
origin wavenumbers, see Eidelsberg et al. 1992). They also fill
some gaps and provide higher J’ lines that were previously not
observed with high-resolution laser methods.

In addition to the atlas of absolute wavelengths and
wavenumbers for the B, C, and E states of the six CO iso-
topologues, we provide for the derived term value atlas for
each observed band. As a further step, we calculate reduced
term values and molecular parameters. The latter are compared
according to their oxygen isotopic content, and when possible,
with previous determinations.

Figure 1 shows the bandhead wavelengths of the states and
bands studied in this work. Table 1 summarizes the measured
bands for each isotopologue. Some isotopologue bands are not
recorded because of the combination of low oscillator strengths
and low available pressures or partial pressures. Low partial
pressure is particularly a problem in the case of '3C!’0, which
is observed as a minor contaminant in high-pressure spectra of
both 1*C'®0 and 13C'30.

For all '>C (or '3C)-bearing isotopologues, the isotope shift
spacing between bandheads increases almost linearly with v’
vibrational number, allowing for an easier differentiation of the
lines pertaining to a given isotopologue for increasing v" and J’.

3.1. Specific cases of 2C'7O and *C" O
3.1.1.12C"0

As '2C'70 is mixed in almost equal proportions with 12C'%0 in
our sample, the absolute calibration of '>C'”O transitions bene-
fits from the absolute calibration of 2C'°0 (as well as '2C!30,
which is also present in a small amount).

3.1.2.3C70

The case of 3C!70 is specific because it is observed in the
high-pressure spectra of either 3C'°0O or '*C'80. The occur-
rence of the '*C!'70O bands is due to isotopic contamination of
the 13C'%0 and '*C'80 bottles. Based on the relative strengths
of identical absorption features, the ratio of the isotopologues
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Fig. 1. Bandhead wavelengths of '>C!°O states and bands studied in
this work. We also include the previously used numerical index notation
(34-43) (Letzelter et al. 1987; Eidelsberg & Rostas 1990, etc.). Atomic
line calibrators are indicated with | : for primary lines at high accu-
racy (1 fm or better) and with | : for secondary lines at medium accuracy
(0.1 pm) (for the latter, mostly Xe I and a few Ar I and Kr I, see the NIST
atomic line tables for identification), and the 1/e undulator bandwidth
are shown as well.

in the *C'®O gas sample, sorted by concentration, is found to
be B3C'%0:13CB0O:*C0:12C'°0 = 1:0.041:0.073:0:0045. The
high CO pressure needed to observe the minor *C!'7O species
leads to strong absorption and saturation of the main species
spectrum. Combined with the fact that the isotopic shifts of v’ =0
bands are very small (<1 cm™! for BOO and C00 and <3 cm™' for
E00), 3C'70 lines for low J’ are difficult to extract because of
blending with saturated (broadened) lines. This effect is weaker
for increasing J’ because of the difference between molecular
constants of the different isotopologues. '*C!7O lines of B0O
with J’>2 are measured nearly as accurately (~0.04cm™") as
for the main isotopologue (either 3C'°0 or 3C!80), similarly
for COO lines with J’>6. The search for low J’ line positions
is facilitated by considering the values extrapolated from the
clearly observed high J’ line levels (up to J' =23 for B0OO, J' =21
for B10, J’ =39 for C10, and J’ =26 for E00), which leads to an
accuracy better than 0.08 cm™' for the low J’. This effect is less
noticeable for v > 1 as the spacing of spectra bandheads of the
different isotopologues increases with v’.

All this concerns R- and P-branches, but there is an addi-
tional difficulty for Q-branches that we consider in the E-state
subsection.

3.2. X'z* state

In order to calculate the term values of all the bands presented
here, high-accuracy data provided by Guelachvili et al. (1983)
and Farrenq et al. (1991) were used. From their set of Dunham
coefficients, rotational levels of the v’ =0 X'Z* ground state
were calculated up to J” =48 with an uncertainty of 1073 cm™!,
which is at least as good as our own high-resolution measure-

ments. Table 9 lists the ground-state rotational levels of the six
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Table 3. References to table and figure numbers for the B'Z* state.

Band Transition Term  Reduced
wavelengths values TV
Tables Figure Table Figure
12 C 13 C
BO0O Al A2 2 A3 4
B10 A4 A5 3 A.6 5
B20 A7 A7 Al A8 A2

isotopologues studied here, '2C!°0, 2C'70, 2C'®0, 3C'®Q,
B3¢0, and 3C'30. For each isotopologue, these J” levels are
adjusted to a ninth-order polynomial to obtain their molecular
constants. They are reported in Table A.31.

For the sake of consistency between all isotopologues, we
did not use the data on the '>C'%0O ground state by Varberg &
Evenson (February 1992), which were published a few months
after Farrenq et al. (October 1991). The latter provide data for
six isotopologues, and a check on '2C'®0 B00 revealed a bet-
ter agreement at high J’ between the term values TVg and TVp
derived for the R- and P-branches.

3.3. B'T* state

The BOO and B10 bands were observed for all isotopologues,
while B20 was observed for all bands except for '?C!’O and
BC0. The lack of the B20 band in the '>C!’O spectra is
explained by the low pressure used in scans of this isotopo-
logue. For '*C!70, the absence is due to the combination of a
very low partial pressure and the decreasing oscillator strength
with v'.

A total of 19 CO laser-calibrated lines (14 for '2C'°0, 2 for
12C180, and 3 for *C'°0) were used to determine a shift correc-
tion of —7.5 x 107 nm (0.006 cm™") for BOO and 3 lines for B10,
resulting in a shift correction of —1.2 x 107 nm (0.0095 cm™").
These low values attest to the accuracy of our measurements.
These corrections were applied to all isotopologues as their spec-
tra are placed, as mentioned above, on a unique scale. Our term
values are consistent within the uncertainty with those calcu-
lated by Le Floch & Amiot (1985) and Haridass et al. (1994),
the latter resulting from the combination of B—A data with high-
resolution A—X data obtained with the former Ottawa 10.6 m
vacuum-grating spectrograph. For '2C'°0 B00, the average dif-
ference between our values and the Dapra et al. (2016) values is
5.0x 1075 nm.

For 12C'70, the present results complete a preliminary ver-
sion of our BOO data that was incorporated in Hakalla et al.
(2016) in order to perform the deperturbation analysis of the A'TI
state of '2C!70, for which earlier optical measurements of B—A
and C-A transitions were combined with our vacuum ultraviolet
B-X results. Similarly, for B0, our results of BOO and B10
were used in Hakalla et al. (2017) to perform the deperturbation
analysis of the A'IT state of '*C'70.

The data for '*C'80 are slightly better calibrated than in our
recent paper (Lemaire et al. 2016) for BOO and B10. In addition,
they are extended to higher J’ levels for B10.

As indicated above, the B20 band was calibrated using the
surrounding B10 and COO0 bands, leading to a common shift cor-
rection of +1.0 x 1073 nm (~0.0083 cm™") that was applied to all
isotopologues. Figure A.3 illustrates for the four observed iso-
topologues the perturbations observed in B20 (also studied in
12C160 and 13C'%0 by Baker 1994).

Table 4. Statistical uncertainty on the measured term values: 6p average
and std. dev. (at 20) (see Sect. 2.2.2) for the B'Z* state.

Band Species N 6p(cm™')  Std. dev. (cm™)
B0OO 1216 62 0.000 0.007
1217 44 0.007 0.023
1218 60 0.003 0.022
1316 60 0.011 0.026
1317 36 0.001 0.026
1318 54 0.002 0.006
B10 1216 60 0.00 0.02
1217 30 -0.010 0.033
1218 52 -0.001 0.009
1316 54 -0.001 0.013
1317 40 -0.011 0.027
1318 38 0.007 0.010
B20 1216 22 -0.003 0.034
1217
1218 22 0.019 0.038
1316 30 -0.006 0.021
1317
1318 30 —0.005 0.032

Notes. N: number of rotational transitions (R and P) involved in the
statistics.

For 12C16Q, 12C'80, 13C'%Q, and '3C!80, our absolutely cal-
ibrated data provide transition frequencies and term values for
B0O0, B10, and B20 that are consistent at slightly higher accu-
racy with those measured by Eidelsberg et al. (1987), which were
obtained with the Observatoire de Paris (Meudon, France) 10 m
VUV grating spectrograph. The same remark applies to the line
positions obtained by Baker (1994) for B20 of '2C'°O with the
same instrument.

Table 3 lists table and figure numbers associated with the BX
bands. Table 4 gives the statistical uncertainty on the term values
for the BX bands (see text in Sect. 2.2.2).

3.4. C'z* state

C00, C10, C20, and C30 were observed for 12C!°Q, 12C!3(Q,
13C160, and '*C'30. For 12C'70, all bands were observed except
for C20, for the same reason as for B20. For *C!70, only C0O0
and C10 were observed; C20 and C30 are not observed for the
same reason as for B20.

It is worth noting that for '>C'80, the C30 band does
not appear in the same room-temperature spectra obtained at
pressures where C20 is observed. It is only observed in a low-
temperature spectrum recorded at 90 + 5 K, showing a limited
number of J’ levels.

Sixteen CO laser-calibrated lines were used to determine a
shift correction of 1.3 x 10> nm (=0.011 cm™") for C0O0. Seventy-
two laser-calibrated lines were considered (not including '>?C'70O
and 3C!7Q, for which the number of lines in Cacciani et al. 2001
is limited) to determine the shift correction of 3.4 x 107> nm
(~=0.031 cm™") for C10.

Our term values are consistent with those calculated by
Haridass et al. (1994), which were obtained from the combina-
tion of C—A data with high-resolution A-X data obtained with
the former Ottawa spectrograph. For '2C'°0Q C00, the average
difference between our values and the values of Dapra et al.
(2016) is 4.4 x 107 nm (=0.037 cm™).

For C00, the present results complete a preliminary version
of our '2C'70 data (as for BOO) and provide new data on 3C!70.
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Fig. 2. Transition wavelengths of the B'Z*(v" =0)-X'Z*(v”” = 0) band for six CO isotopologues.
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Fig. 3. Transition wavelengths of the B'Z*(v' = 1)-X'Z*(v”” =0) band
for six CO isotopologues.

Both were used in order to perform the deperturbation analysis
of the A'TI state of '2C!'70 (Hakalla et al. 2016) and of *C!70
(Hakalla et al. 2017).

As for BOO and B10, the present data for 3C'80 are slightly
better calibrated and extend to higher J’ levels than in our recent
paper (Lemaire et al. 2016) for C00.
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Table 5. References to table and figure numbers for the C'Z* state.

Band Transition Term  Reduced

wavelengths values TV
Tables Figure Table Figure
12C 13C

Co0 A9 Al10 A4 Al A.6

ClI0 Al12 Al13 AS A.l4 A7

C20 Al15 AlI5 A8 A.l6 A9

C30 Al17 Al17 A0 A.18 Al

The absolute calibration for C20 and C30 was obtained using
the two surrounding primary atomic standards as calibrators
(the Xe I line at 104.383497 nm for C20, and the Kr I line
at 100.1060639 nm for C30, see Fig. 1) and checking that the
numerous secondary standards (in the case of C20) are in agree-
ment with each other (at an accuracy higher than 0.01 pm) for
the five isotopologues.

Table 5 lists table and figure numbers associated with the CX
bands. Table 6 gives the statistical uncertainty on the term values
for the CX bands (see text in Sect. 2.2.2).

3.5. E'TI state

E00, E10, E20, and E30 [the latter formerly labeled as the
V (AI) *I1 state by Eidelsberg & Rostas (1990), with the
present assignment confirmed by Lefebvre-Brion & Eidelsberg
(2012)] were observed for all isotopologues, with the exception
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of E20 and E30 for '*C!70 (as for B20 because of the combi-
nation of a very low partial pressure and decreasing oscillator
strength with v”).

For E20 and E30 of '2C'80Q, the same remark holds as
for C30. These two bands do not appear in spectra taken at
room-temperature at pressures where EI10 is observed. It is
only observed in low-temperature spectra recorded at 90 £ 5K,
showing a limited number of J'.

For all isotopologues, the rotational spacing is extremely
small for the Q-branch of E00, E10, and E20, giving rise to con-
gested spectra that require better resolution than available with
the VUV-FTS and smaller Doppler broadening. This is particu-
larly noticeable for the Q-branch of E10, where the lines are very
slightly blueshifted with J’ compared to the Q-branch of E00,
which is slightly blueshifted, and the Q-branch of E20, which is
slightly redshifted. Only with the use of a very narrow-band laser
were Cacciani & Ubachs (2004) able to separate the Q-branch of
EO00, and Ubachs et al. (2000) did this in combination with a
deperturbation analysis for E10. The Q-branch of E30 has a very
different aspect (similar to A—X transitions) with a redshifted
Q-branch and a returning limb for the R-branch with increas-
ing J’ (see for comparison Figs. A.12, A.17, and A.25 vs. A.28,
and also Figs. A.15, A.16, A.24, and A.27 vs. Figs. A.30-A.36).

A careful analysis is required to distinguish the lines in the
EO00 bands of the different isotopologues. Spectra recorded at
different pressures were used for this purpose. Figure A.16 illus-
trates the difficulty of this task for EOO with three spectra for
13C180 and 2 for *C'%0. Figure A.27 shows the easier example
of E20 for 3C'°0 and 3C'®0, and Figs. A.30-A.36 show the
example of E30 for 3C'#0.

There is very good agreement for the R- and P-branch line
positions between our present results and other high-resolution
measurements (Cacciani et al. 1995; Cacciani & Ubachs 2004
for EOO and Ubachs et al. 2000 for E10).

EO00 was calibrated using a few levels observed by Cacciani
et al. (1995) for '2C'®0 [3 lines] and a large set of R and P lev-
els (Cacciani & Ubachs 2004) for '>C'°0 [60 lines] and 3C!°0O
[32 lines] obtained by their methods labeled 1 and O (these
data have to be calculated from the supplementary data, but
no data are available for '*C'30). The resulting shift correc-
tion is estimated as 2.3 x 107> nm (=0.020 cm™!). Comparison to
Dapra et al. (2016) shows an average difference of 3.8 x 107 nm
for E00. For 2C80 and '3C!30, our term values for E00
(e- and f-parity) match those calculated by Haridass et al. (1994)
well, which were obtained from the combination of E—-A data
with high-resolution A—X data collected with the former Ottawa
spectrograph. For the Q-branch of 1>C'°0, 13C'°0Q, and '3C'#0,
which we cannot separate, we report the Cacciani & Ubachs
(2004) observed transition frequencies (see their Table 1). We
merged the Cacciani et al. data with our higher-J’ measurements.
For the other isotopologues, 12C170 and 12C!30, the Q bandhead
up to J' =9 was simulated to reproduce the observed spectra.
These calculated data were merged with our measured data at
higher J’. For the last isotopologue, '*C!”0, the Q-branch was
simulated by interpolation of the '*C!°0 and '3C'®0 transitions
(but these data are not reported in the table) in order to assign
the few observed high J’ Q-lines.

E10 was calibrated by a few lines observed by Cacciani et al.
(1995) for '2C'Q [9 lines] and a large set by Ubachs et al.
(2000) of R and P lines for '>C'°0 [42 R and P lines], for
12C70 [2 R lines], *C'®0 [24 P and R lines], 3C'°O [25 P
and R lines], and 3C'80 [18 R lines]. The absolute calibration
for E10 obtained with the R and P levels is also confirmed by the
presence of closely surrounding Xe I atomic lines (see Fig. 1).
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Table 6. Statistical uncertainty on the measured term values: 6p average
and std. dev. (at 20) (see Sect. 2.2.2) for the C'T™ state.

Band Species N 6p(cm™!)  Std. dev. (cm™)
C00 1216 72 0.010 0.027
1217 66 -0.011 0.034
1218 70 0.000 0.010
1316 72 0.000 0.013
1317 70 0.004 0.021
1318 78 —0.001 0.007
C10 1216 62 0.001 0.013
1217 42 0.001 0.010
1218 52 -0.008 0.022
1316 54 0.008 0.045
1317 44 0.006 0.043
1318 56 -0.003 0.017
C20 1216 28 0.003 0.012
1217
1218 14 0.007 0.044
1316 16 0.004 0.043
1317
1318 14 -0.015 0.019
C30 1216 32 0.025 0.038
1217 6 —0.007 0.048
1218 16 —0.002 0.053
1316 16 -0.004 0.056
1317
1318 26 0.016 0.044

Notes. N: number of rotational transitions (R and P) involved in the
statistics.

The resulting shift correction is estimated to be 5.0 x 10~ nm.
As it is not possible to distinguish the Q-branch of E10 for
all isotopologues, we report in the tables the values obtained
by Ubachs et al. (2000), merged with our measured data at
higher J’. Our dataset for R- and P-branches extends those
of Ubachs et al. (2000) to high J’ values. Sample spectra are
shown for '2C'°0 in Fig. A.20, '>C'70 in Fig. A.21, '2C"®0
in Fig. A.22, 3C'°0 in Fig. A.23, and *C'30 in Fig. A.24.
All of them show additional lines, and among them, lines that
belong to the perturbing state K*II(v' =5 and 6)-X'Z+(v' =0)
(Baker & Launay 1994; Ubachs et al. 2000). The lower panel
of Fig. A.21 shows the simulated absorption spectrum of '2C!70
at room temperature.

For E20 and E30, only low-resolution spectra without abso-
lute calibration are available (Ogawa & Ogawa 1974 for >C'°0
E20) and the Eidelsberg et al. (1991) atlas for '2C'°0Q, 12C!80,
BclQ, and 3C!B0 for both E20 and E30, with either measured
or extrapolated or calculated line positions. Consequently, the
absolute calibration of E20 and E30, for which there are no pre-
vious high-resolution measurements, was obtained in the same
way as for C20 and C30, using the two surrounding primary
atomic standards as calibrators and checking that the numerous
secondary standards (in the case of E20) are in agreement with
each other (at an accuracy higher than 0.01 pm) for five isotopo-
logues (with the exception of 3C'70 ). For E20, the Q-branch
up to J =6 or 7 was obtained in the same way as for E10 by sim-
ulating our recorded spectra and merging them with the higher
measurable J’, up to ~10-20, depending on the isotopologue.
Figure A.27 shows the simulated absorption spectra of '2C'°0
at 90K and at room temperature. Finally, as indicated above, all
branches of E30 have well-resolved transitions for all observed
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Table 7. References to table and figure numbers for the E'I1 state.

Band Transition Term Reduced
wavelengths values TV
Tables Figure Table Figure
2c B3¢ e-par. f-par.
EO0 A19 A20 Al12 A2l Al3 Al4
E10 A22 A23 Al7 A24  Al18 Al9
E20 A25 A26 A25 A29 A.26
E30 A27 A28 A28 A.30 A.29

isotopologues. Figures A.30-A.36 show spectra for all five iso-
topologues; in some cases, the results obtained at 293 K and 90 K
are compared, which are useful to separate the R-branch lines.

In order to verify the quality of our frequency determinations
for the Q-branch, we use a method similar to the combination
differences. We compared the values of the A-type doubling of
the upper state obtained through the R- and P-branches, Ag(J)
and Ap(J) (for J > 1) with

Ar()=[R(J-1)+X({J-D]-[0W)+X(J)] and
Ap(J) =[P+ D)+ X(J + D] -[0() + X(J)].

For all isotopologues and all bands (E00, EO1, E02, and E03), the
results are consistent with the value of A; provided in the term
value tables. The A doubling of the upper state is graphically
represented for all isotopologues in each band, E00, E10, E20,
and E30, in Fig. A.37 together with polynomial fits (linear in
most cases).

Table 7 lists table and figure numbers associated with the EX
bands. Table 8 gives the statistical uncertainty on the e-parity
term values of the EX bands (see text in Sect. 2.2.2).

4. Concluding remarks

Our work presents a comprehensive and homogeneous set of
absolutely calibrated line positions from which term values
and molecular constants are derived. In most cases, these were
obtained from larger sets of data than earlier determinations. Our
data complete previous determinations and fill many gaps, par-
ticularly concerning the B20, C20, C30, E20, and E30 bands of
all isotopologues. We also provide new data, particularly for the
12C170 and *C'70 isotopologues.

A final verification of the absolute accuracy of our whole set
of results is provided by comparison with the data reported by
Dapra et al. (2016). These datasets were not considered as cali-
brators because they were derived from others cited in Sect. 2.1,
but we verified that they are in good agreement (at least for the
six J’ levels included therein) with our own results on BOO, C00,
and E00 for 12C'°0.

In conclusion, the overall uncertainty of our data is a com-
bination of the relative fitting accuracy in line positions (for
a well-resolved typical line ~0.008 cm™!) and of the accuracy
in the calibrators and in the ground state (up to ~0.003 cm™").
Most of the line positions are thus determined to an accuracy
of ~0.009cm™!. For some weak (mainly at high J’) or a few
blended lines, the fitting errors are estimated to be as large as
0.10-0.15 cm™!. Uncertainties on term value data are reflected in
the ¢6p values presented in the term value tables.

Molecular constants are compiled in Table A.31 for all states
and bands. In this table the E state e- and f-parity are treated
independently, and we calculate in Table A.32 T,(1) (average of

Table 8. Statistical uncertainty on the measured term values: 6p average
and std. dev. (at 207) (see Sect. 2.2.2) for the e-parity levels (R and P)
for the E'TI state.

Band Species N p(cm™!)  Std. dev. (cm™)
EO0 1216 58  0.002 0.014
1217 48  0.003 0.015
1218 64  0.001 0.014
1316 74 0.009 0.018
1317 30  —0.008 0.018
1318 68  0.018 0.032
EI0 1216 50  0.004 0.031
1217 38  0.009 0.024
1218 44  0.004 0.021
1316 54 0.000 0.018
1317 36 -0.001 0.002
1318 62 0.009 0.026
E20 1216 36  0.003 0.015
1217 18  —0.004 0.026
1218 20  0.008 0.015
1316 36  0.001 0.014
1317
1318 48  —0.003 0.027
E30 1216 30 —0.001 0.046
1217 16 -0.002 0.037
1218 18  -0.005 0.030
1316 18  0.003 0.019
1317
1318 22 0.000 0.010

Notes. N: number of rotational transitions (R and P) involved in the
statistics.

T, for e- and f-parity), g,=B. — By, and gp, =D, — Dy. These
molecular constants are also obtained by a quadratic fit of the
A-doubling data shown in Fig. A.37 and reported in Table A.33.

In order to check the consistency of our term values, we com-
pare their trends for the six CO isotopologues in Fig. A.38. The
term value differences between '°0 and '80 bearing isotopo-
logues are compared both for '>C and '*C versus the B, C, and
E states. Term values are also compared as a function of v’ for
each states, and a linear fit is drawn through all isotopologues
present in each (Ty,v’") data point. Both comparisons show a
similar behavior.

The statistical table for the term values (see Tables 4, 6,
and 8) can reveal the possible presence of perturbations when
there is a large spread in the standard deviation (>0.043cm™!,
namely for '2C'°0 (E30), for '2C!0 (C30), for '>C'30 (C20 and
C30), for 13C'°0 (C10, C20 and C30), for *C'70 (C10), and for
13C180 (C30). Anomalies in the molecular constants also reveal
evidence of perturbations, as shown in Fig. A.39, which illus-
trates this point more clearly than Table A.31. While 7, mainly
depends on the absolute calibration, B, and especially D, are
very sensitive to perturbations, as shown in Fig. A.39.

Perturbations will be discussed in detail in a subsequent
paper. Another forthcoming development of this work will be
a comprehensive atlas of oscillator strengths and cross sections
for the states, bands, and isotopologues presented here.
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Table 9. Rotational energy levels (cm™') of the X'Z*ground state for six CO isotopologues (calculated from the Farrenq et al. 1991 Dunham
coefficients).

J"’ 12cl60 12cl70 12cl80 13cl60 13cl70 13cl80
0 0 0 0 0 0 0
1 3.845 3.748 3.662 3.676 3.579 3.493
2 11.535 11.244 10.986 11.028 10.736 10.478
3 23.069 22.487 21.971 22.055 21.472 20.956
4 38.448 37.477 36.617 36.757 35.786 34.926
5 57.670 56.214 54.924 55.134 53.677 52.388
6 80.735 78.696 76.891 77.185 75.145 73.340
7 107.642 104.924 102.518 102.909 100.190 97.783
8 138.390 134.895 131.802 132.305 128.809 125.715
9 172.978 168.610 164.743 165.372 161.003 157.136
10 211.404 206.066 201.341 202.109 196.770 192.044
11 253.667 247.262 241.593 242515 236.108 230.438
12 299.766 292.197 285.498 286.588 279.017 272.317
13 349.698 340.869 333.055 334.326 325.495 317.679
14 403.461 393.276 384.261 385.727 375.540 366.523
15 461.054 449.416 439.116 440.791 429.150 418.847
16 522475 509.288 497.616 499.515 486.324 474.650
17 587.721 572.888 559.761 561.896 547.059 533.928
18  656.789 640.215 625.546 627.932 611.354 596.681
19  729.677 711.266 694.971 697.622 679.206 662.906
20  806.383 786.039 768.033 770.962 750.612 732.601
21 886.902 864.530 844.729 847.950 825.571 805.763
22 971.233 946.737 925.056 928.582 904.079 882.391
23 1059.372  1032.657 1009.011  1012.857  986.133 962.480
24 1151315 1122.285 1096.591  1100.771  1071.731  1046.028
25 1247.059 1215.620 1187.794 1192.320 1160.870 1133.034
26 1346.601 1312.658  1282.615 1287.502 1253.546 1223.492
27 1449.936  1413.395 1381.051 1386.312 1349.757  1317.401
28 1557.061  1517.827 1483.099 1488.748 1449.498 1414.757
29 1667971 1625950 1588.755 1594.805 1552.767  1515.557
30 1782.662  1737.760 1698.015 1704.480 1659.559 1619.797
31  1901.131 1853.254 1810.876  1817.769  1769.870  1727.473
32 2023.371 1972426 1927.332 1934.667 1883.698  1838.582
33 2149380 2095.273 2047380 2055.170  2001.037  1953.120
34 2279.151 2221.790  2171.015  2179.274 2121.884 2071.084
35 2412.680 2351972 2298.233 2306.975 2246.234  2192.468
36 2549.962 2485.814 2429.030 2438.267 2374.083  2317.268
37 2690.991 2623311 2563.400 2573.145 2505.427 2445482
38 2835.763 2764.459 2701.339 2711.606 2640.260 2577.102
39 2984271 2909.251 2842.841 2853.643 2778.577 2712.127
40 3136.509 3057.682 2987.901 2999.252 2920.375 2850.549
41 3292473 3209.748  3136.515 3148.427 3065.647 2992.366
42 3452.156 3365.442 3288.676 3301.163  3214.389  3137.572
43 3615.552 3524758 3444380 3457454 3366.596 3286.161
44 3782.655 3687.690 3603.619 3617.295 3522.261 3438.129
45 3953457 3854.233 3766.390 3780.679 3681.380 3593.470
46 4127954 4024.380 3932.685 3947.601 3843.946 3752.179
47  4306.137 4198.125 4102.499  4118.054 4009.954 3914.251
48 4488.001 4375.461 4275.825 4292.033 4179.399  4079.679
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Appendix A: Additional figures and tables
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Fig. A.1. Transition wavelengths of the B'X* (v’ =2)-X'Z* (v = 0) band for the four observed CO isotopologues.
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Fig. A.2. Reduced term values (cm™") of the B'Z*(v' =2) levels for the four observed CO isotopologues.
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Fig. A.3. Sample of B20 spectra for the four observed isotopologues, in some cases showing perturbations.
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Table A.3. Term values (cm™') of the B'Z*(v' =0) levels for six CO isotopologues.

B (v =0)
J 12cl60 l2cl7o l2cl80 l3cl6o 13cl70 l3cl80
0 || 86916.160 86916.397 86916.748 86916.807 86917.254 86917.387
1 || 86920.036 (6) 86920.242 (—17) | 86920.441 (10) 86920.538 (12) 86920.728 (—80) | 86920.924 (11)
2 || 86927.828 (1) 86927.866 (—17) | 86927.860 (16) 86927.988 (8) 86927.965 (9) 86927.993 (1)
3 || 86939.524 (9) | 86939.261 (5) | 86939.012 (26) || 86939.186 (8) | 86938.906 (72) | 86938.604 (3)
4 || 86955.091 (9) 86954.456 (20) 86953.860 (3) 86954.056 (4) 86953.341 (0) 86952.756 (9)
5 || 86974.588 (0) 86973.474 (51) 86972.402 (14) 86972.664 (5) 86971.495 (-1) 86970.457 (—4)
6 || 86997.979 (6) | 86996.185 (0) | 86994.635 (—4) || 86995.022 (7) | 86993.210 (0) 86991.686 (0)
7 || 87025.233 (3) 87022.801 (9) 87020.633 (9) 87021.118 (6) 87018.686 (-2) 87016.452 (4)
8 || 87056.375 (4) 87053.147 (-5) 87050.312 (—15) || 87050.879 (6) 87047.613 (-22) | 87044.756 (6)
9 || 87091.422 (~12) | 87087.316 (16) | 87083.682 (~11) || 87084386 (8) | 87080.255 (16) | 87076.590 (5)
10 || 87130.365 (-8) 87125.255 (11) 87120.766 (-9) 87121.628 (14) 87116.492 (2) 87111.969 (-7)
11 || 87173.190 (2) 87167.015 (17) 87161.557 (-21) 87162.539 (22) 87156.359 (-22) | 87150.879 (—1)
12 || 87219.893 3) | 87212529 (=5) | 87206.032 (—1) || 87207.234 (~25) | 87199.837 (—17) | 87193.316 (~6)
13 || 87270.486 (9) 87261.933 (63) 87254.234 (20) 87255.606 (55) 87246.948 (0) 87239.278 (3)
14 || 87324.954 (-8) 87314.967 (—17) | 87306.112 (10) 87307.659 (-9) 87297.646 (8) 87288.771 (—6)
15 || 87383.326 (—2) | 87371.844 (-2) | 87361.707 (2) 87363.461 (39) | 87351.948 (18) | 87341.782 (18)
16 || 87445.528 (1) 87432.507 (-1) 87420.944 (-1) 87423.016 (—41) | 87409.956 (—68) | 87398.324 (5)
17 || 87511.644 (—17) | 87496.935 (6) 87483.946 (—23) || 87486.183 (-6) 87471.444 (7) 87458.347 (7)
18 || 87581.619 (<7) | 87565.139 (=9) | 87550.575 (10) || 87553.097 (2) | 87536.506 (54) | 87521.965 (10)
19 || 87655.461 (—10) | 87637.152 (-23) | 87620.923 (-4) 87623.698 (-6) 87605.321 (-2) 87589.082 (13)
20 || 87733.196 (9) 87712.873 (2) 87694.934 (-3) 87697.994 (11) 87677.680 (1) 87659.685 (2)
21 || 87814.750 (=8) | 87792.393 (=5) | 87772.643 (=3) || 87775.973 (19) | 87753.653 (45) | 87733.811 (6)
22 || 87900.174 (-7) 87875.682 (—8) 87854.007 (0) 87857.707 (-25) | 87833.204 (1) 87811.440 (-3)
23 || 87989.471 (3) 87962.700 (51) 87939.097 (-9) 87943.030 (-6) 87916.277 (2) 87892.581 (—4)
24 || 88082.606 (—3) | 88053.582 88027.794 (~18) || 88032.105 (24) 87977.219 (5)
25 || 88179.588 (-2) 88148.060 88120.189 (-9) 88124.904 (-30) 88065.363 (-2)
26 || 88280.407 (—6) | 88246.337 88216.236 (16) 88221.263 (68) 88157.003 (-2)
27 || 88385.089 (2) | 88348.346 88315.945 (=1) || 88321.380 (18) 88252.153 (-6)
28 || 88493.603 (6) 88419.326 (1) 88425.092 (26) 88350.732 (13)
29 || 88605.938 (9) 88526.311 (18) 88532.467 (18) 88452.813
30 || 88722.072 (1) 88636.981 (~10) || 88643.620 (38) 88558.446
31 || 88842.065 (6) 88751.216 (99) 88758.333 (77) 88667.391
32 || 88965.864 (0) 88869.201 88876.784
33 || 89093.476 88990.811 88998.843
34 || 89224.889
35 || 89360.095
36 || 89499.139
37 || 89641.888

Notes. The ¢p value in parentheses (in units of the least significant digit) corresponds to the wavenumber correction applied to TV and TVy. There
is no value when the term value is derived from a single transition, either R or P. An asterisk indicates when both R- and P-branches are present at
high J’, either the potential presence of a perturbing state or that one of the lines shows a larger uncertainty than the other (see also Sect. 2.2.2).
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Table A.6. Term values (cm™') of the B'Z* (v = 1) levels for six CO isotopologues.

B'S (v =1)

J 12cl60 l2cl7o 12cl80 13cl60 13cl70 13cl80

0 || 88998.285 88972.992 88950.231 88954.104 88928.113 88904.754

1 || 89002.117 (-39) | 88976.706 (12) 88953.908 (—17) || 88957.774 (2) 88931.738 (14) 88908.229 (-4)

2 || 89009.891 (—-36) | 88984.248 (—13) | 88961.225 (2) 88965.135 (1) 88938.830 (7) 88915.193 (47)

3 || 89021.425 (—5) | 88995.474 (—4) | 88972.225 (—1) || 88976.167 (1) 88949.538 (21) | 88925.709 (4)

4 || 89036.776 (-2) 89010.457 (-5) 88986.863 (—1) 88990.866 (—8) 88963.859 (8) 88939.686 (6)

5 || 89055.970 (2) 89029.202 (9) 89005.177 (5) 89009.235 (6) 88981.783 (—10) | 88957.159 (4)

6 || 89079.006 (7) | 89051.653 (4) 89027.160 (4) 89031.290 (4) 89003.262 (~19) | 88978.124 (-5)

7 || 89105.913 (—16) | 89077.889 (21) 89052.781 (-3) 89056.972 (-3) 89028.303 (-3) 89002.576 (—4)

8 || 89136.660 (19) 89107.875 (7) 89082.060 (4) 89086.415 (0) 89056.922 (0) 89030.538 (-5)

9 || 89171.247 (=1) | 89141.567 (=3) | 89115.010 (0) 89119.482 (2) 89089.125 (2) 89061.950 (~2)
10 || 89209.644 (9) 89179.052 (-3) 89151.604 (-5) 89156.220 (-5) 89124.906 (—4) 89096.879 (9)
11 || 89251.906 (-8) 89220.242 (5) 89191.858 89196.619 (3) 89164.261 (0) 89135.295 (4)
12 || 89297.976 (5) 89265.046 (—96) | 89235.759 (0) 80240.694 (6) | 89207.174 (23) | 89177.195 (9)
13 || 89347.851 (-9) 89313.698 (—41) | 89283.299 (3) 89288.421 (0) 89253.640 (6) 89222.574 (-1)
14 || 89401.585 (8) 89366.104 (—63) | 89334.517 (-9) 89339.818 (7) 89303.706 (—13) | 89271.427 (4)
15 || 89459.177 (=2) | 89422.310 (0) 89389.354 (24) || 89394.872 (—6) | 89357.303 (~10) | 89323.772 (1)
16 || 89520.541 (-9) 89482.227 (28) 89447.823 (2) 89453.591 (-7) 89414.478 (4) 89379.593 (9)
17 || 89585.729 (—14) | 89545.800 (100) | 89509.985 (—24) || 89515.943 (-1) 89475.252 (-25) | 89438.872 (11)
18 || 89654.772 (9) | 89613.225 (*) 89575.740 (2) 80581.971 (—6) | 89539.574 (~75) | 89501.656 (—4)
19 || 89727.571 (41) 89684.226 (*) 89645.149 (15) 89651.635 (-3) 89607.349 (—42) | 89567.876 (—1)
20 || 89804.246 (16) 89759.033 (%) 89718.182 (4) 89724.947 (5) 89678.726 89637.588 (3)
21 || 89884.708 (=33) | 89837.552 (*) 89794.854 (~12) || 89801.906 (=2) | 89753.817 (~16) | 89710.749 (2)
22 || 89968.942 (16) 89919.709 (%) 89875.157 (—12) 89882.502 (0) 89832.299 (-82) | 89787.386 (2)
23 || 90056.978 (17) 90005.651 (*) 89959.050 (5) 89966.726 (2) 89867.472 (1)
24 || 90148.835 (5) 90046.599 (=8) || 90054.588 (0) 89951.018 (4)
25 || 90244.465 (25) 90137.739 (—11) 90146.100 (—16) 90038.004 (3)
26 || 90343.893 (-7) 90232.510 (—13) 90241.177 (7) 90128.457 (0)
27 || 90447.113 (20) 90330.857 (5) 90339.945 (31) 90222.345 (6)
28 || 90554.124 (-4) 90432.841 (-2) 90442.280 (-51) 90319.679 (-6)
29 || 90664.829 (9) 90538.373 90548.215 90420.444 (-21)
30 || 90779.363 (~19) 90657.996 90524.674 (~45)
31 || 90897.617 (—44) 90760.318 90632.256 (—26)
32 || 91019.750 (114) 90743.218
33 || 91145.527
34 || 91274.905
35 || 91408.240

Notes. See note to Table A.3.
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Table A.8. Term values (cm™!) of the B'X* (v’ =2) levels for ?C!°0, 2C'80, *C'%0, and *C'®0.

A&A 614, Al14 (2018)

B'S (v =2)
J l2cl6o I2cl70 l2cl80 13cl6o l3cl7o l3cl80

0 || 90988.263 90899.350 90906.304 90815.811

1 || 90991.994 (56) 90902.953 (39) 90909.915 (19) 90819.021 (-15)

2 1| 90999.441 (24) 90910.021 (29) 90917.098 (-9) 90825.525 (2)

3 || 91010.690 (17) 90920.805 (7) 90927.845 (~32) 90835.471 (~39)

4 1| 91025.714 (22) 90935.014 (31) 90942.205 (0) 90848.877 (11)

5 || 91044.445 (-34) 90952.885 (14) 90960.108 (7) 90865.779 (0)

6 || 91066.928 (2) 90974.345 (2) 90981.681 (10) 90886.168 (~7)

7 || 91093.150 (26) 90999.386 (28) 91006.816 (18) 90910.023 (12)

8 || 91123.183 (5) 91027.966 (42) 91035.483 (-6) 90937.280 (2)

9 || 91156.937 (-10) 91060.182 (=13) || 91067.845 (=53) 90968.026 (2)
10 || 91194.439 (33) 91095.836 (—63) || 91103.742 (—13) 91002.203 (-5)
11 || 91235.740 (~75) 91135.302 (46) || 91143.274 (-5) 91039.811 (~7)
12 || 91280.712 (~41) 91178.322 (90) || 91186.375 (4) 91080.819 (21)
13 91224.469 (*) 91233.094 (30) 91125.223 (-37)
14 || 91382.486 91274.893 91283.468 (-9) 91173.085 (—10)
15 || 91439.170 91337.262 (—11) 91224.278 (122)
16 || 91499.886 91395.131 (-29) 91279.049 (-84)
17 91456.260 91337.342 (59)
18 91521.080 91399.167 (*)

19 91464.729 (*)
20 91533.242 ()
21 91607.267
22 91683.733

Notes. See note to Table A.3.

Al14, page 22 of 62




J. L. Lemaire et al.: Atlas of new and revised high-resolution spectroscopy of six CO isotopologues in the 101-115 nm range

~

~

Fig. A.4. Transition wavelengths of the C'Z* (v =0)-X'Z*(v” = 0) band for six CO isotopologues.

]

45 g P S
E 1o+ E
40 C X v'=0 band 3
35 3 90° E
E P and R branches 3
30—: E
10 3 2
5_§ (9] ® ° i_
03 > ‘ 1216 1217 ‘ 28]
108.9 108.8 nm 108.7 108.6
P P R N B R
E . E
40 3 C 'S" v'=0 band 3
354 E
E P and R branches E
30—: E
53 E
0] . *‘ Bl6 ¥ 1317 ‘* mis| E

B B S e B e e A LA B LA e

108.9 108.8 nm 108.7 108.6

N B I BT A A R

] 1+ ]
40 C X" v'=1 band *:' 3
] * P and R branches X ]
34 % f’ 3
] ¢ ]

] ";;( z o
07 %% < ]
4 ‘A‘; * .o Oo 4

] p ]
25 3 % SN
] * o ]

- ** o 1
20 4 iy J
g ) 4
154 o 1216 .
1 @ 1217 1
10 4 -
1 @ 1218 1

] = ]

5 ] 1316 ]
1 * 1317 ]
0d * 1318 ]
Trrtrr[rrrrrrrrr[rrrrrrrr Tt IIII-

106.5 106.4 106.3 106.2

nm

Fig. A.5. Transition wavelengths of the C'Z* (v’ = 1)-X'Z*(v” = 0) band for six CO isotopologues.
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Fig. A.7. Reduced term values (cm™") of the C'Z*(v" = 1) levels for six CO isotopologues.
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Fig. A.8. Transition wavelengths of the C'Z* (v’ =2)-X'Z*(v” =0) band

for the four observed CO isotopologues.
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Table A.11. Term values (cm™") of the C'Z*(v' =0) levels for six CO isotopologues.

C' (v =0)

J 12cl60 12cl70 IZCISO l3cl6o 13cl70 13cl80

0 || 91919.027 91918.939 91918.851 91919.074 91918.886 91918.794

1 || 91922.935 (-5) 91922.733 (-52) | 91922.563 (—16) || 91922.751 (12) 91922.499 (-23) | 91922.329 (3)

2 1| 91930.698 (—10) | 91930.348 (—58) | 91929.950 (0) 91930.204 (11) 91929.791 (-28) | 91929.390 (9)

3 || 91942.334 (23) | 91941.627 (36) | 91941.074 (~6) || 91941.352 (=7) | 91940.580 (=3) | 91939.995 (~3)

4 || 91957.879 (—14) | 91956.858 (—76) | 91955.883 (-2) 91956.209 (0) 91955.059 (26) 91954.118 (-5)

5 || 91977.334 (17) 91975.760 (—20) | 91974.389 (1) 91974.809 (16) 91973.103 (69) 91971.775 (-7)

6 || 92000.638 (—15) | 91998.492 (~13) | 91996.606 (0) 91997.101 (6) 91994.873 (44) | 91992.978 (13)

7 || 92027.846 (17) 92025.008 (-2) 92022.518 (3) 92023.131 (9) 92020.214 (4) 92017.701 (4)

8 || 92058.896 (—17) | 92055.291 (3) 92052.127 (—11) || 92052.837 (—=35) | 92049.134 (33) 92045.965 (-3)

9 || 92093.891 (~11) | 92089.383 (2) | 92085.437 (6) 92086.262 (—1) | 92081.738 (=12) | 92077.734 (-2)
10 || 92132.717 (—4) | 92127.249 (—12) | 92122.444 (1) || 92123.428 (0) 92117.912 (=10) | 92113.041 (10)
11 || 92175.452 (0) 92168.915 (—11) | 92163.141 (1) 92164.253 (—14) | 92157.710 (-29) | 92151.859 (—11)
12 || 92222.056 (~27) | 92214.337 (-=8) | 92207535 (2) 92208.833 (1) | 92201.079 (~12) | 92194.222 (-5)
13 || 92272.528 (-19) | 92263.533 (—10) | 92255.623 (0) 92257.085 (=7) 92248.060 (3) 92240.111 (-6)
14 || 92326.890 (-9) 92316.541 (—12) | 92307.416 (-8) 92309.080 (-22) | 92298.695 (3) 92289.512 (-1)
15 || 92385.092 (4) | 92373.313 (-8) | 92362.863 (3) 92364.760 (24) | 92352.893 (=5) | 92342.447 (~6)
16 || 92447.188 (19) 92433.835 (3) 92422.025 (-1) 92424.142 (3) 92410.744 (1) 92398.878 (-2)
17 || 92513.139 (7) 92498.140 (-6) 92484.867 (5) 92487.214 (—11) | 92472.151 (3) 92458.840 (1)
18 || 92582.947 (23) | 92566.203 (3) | 92551.379 (=5) || 92553.982 (=6) | 92537.171 (=2) | 92522.307 (~7)
19 || 92656.609 (17) 92638.044 (7) 92621.572 (-3) 92624.441 (-5) 92605.790 (-6) 92589.290 (7)
20 || 92734.156 (5) 92713.634 (-1) 92695.465 (-8) 92698.610 (1) 92677.993 (-5) 92659.775 (—4)
21 || 92815.581 (1) 92792.982 (2) | 92773.012 (=6) || 92776.462 (~11) | 92753.795 (10) | 92733.771 (6)
22 || 92900.825 (0) 92876.094 (-5) 92854.237 (2) 92857.991 (-8) 92833.197 (7) 92811.277 (—4)
23 || 92989.903 (-31) | 92962.954 (-2) 92939.122 (-8) 92943.203 (7) 92916.182 (1) 92892.294 (0)
24 || 93082.854 (9) | 93053.576 (—4) | 93027.674 (9) 93032.096 (13) | 93002.743 (=6) | 92976.784 (—6)
25 || 93179.610 (—18) | 93147.943 (5) 93119.891 (6) 93124.638 (3) 93092.894 (2) 93064.809 (—4)
26 || 93280.260 (—4) 93246.036 (11) 93215.764 (0) 93220.881 (22) 93186.615 (-8) 93156.301 (0)
27 || 93384.671 (48) | 93347.935 (=43) | 93315.298 (6) 93320.780 (8) | 93283.933 (=28) | 93251.270 (0)
28 || 93492.986 (—18) | 93453.476 (8) 93418.485 (—6) 93424.358 (5) 93384.795 (11) 93349.746 (-5)
29 || 93605.101 (—18) | 93562.769 (2) 93525.320 (-5) 93531.596 (2) 93489.206 (-9) 93451.704 (—12)
30 || 93721.089 37) | 93675.906 (—81) | 93635.779 (=5) || 93642.487 (3) | 93597.205 (=2) | 93557.111 (4)
31 || 93840.854 (62) 93792.627 (—44) | 93749.921 (4) 93757.034 (4) 93708.777 (1) 93666.009 (1)
32 || 93964.415 (43) 93913.072 (—22) | 93867.675 (4) 93875.231 (-3) 93823.936 (39) 93778.401 (—4)
33 || 94091798 (47) | 94037.302 (99) | 93989.048 (4) || 93997.075 (8) | 93942.588 (27) | 93894.258 (-4)
34 || 94222.951 (66) 94165.107 (-96) | 94114.061 (-10) 94122.558 (11) 94064.784 94013.556 (7)
35 || 94357.931 (47) 94242.709 (-16) || 94251.666 (13) 94190.438 (29) 94136.329 (—4)
36 || 94496.720 (51) 04374.916 (43) || 94384.456 (=29) | 94319.787 (=1) | 94262.552 (2)
37 || 94639.295 (29) 94510.802 94520.809 (-16) | 94452.659 (3) 94392.228 (8)
38 || 94785.681 94660.782 94588.641 94525.363 (2)
39 94804.384 94728.331 94661.919 (8)
40 94951.719 94801.907 (-27)
41 94944.865 (*)
42 95092.196
43 95237.275
44 95395.735

Notes. The ¢p value in parentheses (in units of the least significant digit) corresponds to the wavenumber correction applied to TV p and TVg. There
is no value when the term value is derived from a single transition, either R or P. An asterisk indicates when both R- and P-branches are present at
high J’, either the potential presence of a perturbing state or that one of the lines shows a larger uncertainty than the other (see also Sect. 2.2.2).
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J. L. Lemaire et al.: Atlas of new and revised high-resolution spectroscopy of six CO isotopologues in the 101-115 nm range

Table A.14. Term values (cm™") of the C'Z* (v’ = 1) levels for six CO isotopologues.

Cl (v'=1)
J l2cl6o 12cl7o 12cl80 13cl60 13cl70 13cl80

0 || 94065.539 94038.553 94014.288 94018.412 93990.428 93965.880

1 || 94069.399 (-7) 94042.254 (-22) | 94017.971 (0) 94022.129 (-38) | 93994.252 (*) 93969.370 (—17)

2 || 94077.116 (—12) | 94049.745 (-7) 94025.300 (—25) || 94029.543 (—63) | 94001.158 (—93) | 93976.387 (0)

3 || 94088.647 (23) | 94060.985 (15) | 94036.317 (—14) || 94040.482 (107) | 94011.837 (~18) | 93986.861 (~9)

4 || 94104.031 (-3) 94075.996 (22) 94050.999 (2) 94055.128 (—=81) | 94026.220 (-16) | 94000.863 (9)

5 || 94123.281 (3) 94094.767 (10) 94069.303 (—21) || 94073.731 (59) 94044.084 (*) 94018.347 (-25)

6 || 94146.370 (5) 94117.278 (2) 94091.307 (—4) || 94095.863 (9) | 94065.692 (~36) | 94039.332 (=6)

7 || 94173.305 (13) 94143.533 (-2) 94116.965 (10) 94121.589 (—13) | 94090.793 (-19) | 94063.860 (13)

8 || 94204.050 (—10) | 94173.529 (-3) 94146.282 (25) 94151.013 (-7) 94119.439 (-27) | 94091.842 (8)

9 || 94238.667 (0) | 94207272 (2) 94179.252 (=26) || 94184.078 (~23) | 94151.645 (=20) | 94123.265 (1)
10 || 94277.122 (11) 94244.774 (1) 94215.887 (-4) 94220.897 (—15) | 94187.469 (=53) | 94158.259 (-31)
11 || 94319.409 (19) 94286.003 (-3) 94256.173 (14) 94261.389 (-1) 94226.890 (—33) | 94196.734 (—12)
12 || 94365.511 (7) 94330.972 (=6) | 94300.147 (1) || 94305.234 (—17) | 94269.799 (53) | 94238.669 (~8)
13 || 94415.494 (-7) 94379.701 (-5) 94347.768 (—10) 94353.165 (106) | 94316.262 (—22) | 94284.086 (—12)
14 || 94469.288 (11) 94432.149 (14) 94399.040 (—18) || 94404.654 (63) 94366.475 (32) 94333.044 (-9)
15 || 94526.938 (—4) | 94488.344 (14) | 94453.924 (3) 04459.663 (—58) | 94420.153 (48) | 94385.446 (21)
16 || 94588.380 (19) 94548.269 (1) 94512.494 (-4) 94518.492 (-8) 94477.368 (—14) | 94441.388 (1)

17 || 94653.683 (17) 94611.929 (-2) 94574.739 (30) 94580.988 (44) 94538.186 (16) 94500.723 (4)
18 || 94722782 (~17) | 94679.323 (~7) | 94640.626 (—4) || 94647.134 (40) | 94602.595 (27) | 94563.564 (~12)
19 || 94795.693 (13) 94750.410 (11) 94710.113 (-5) 94716.881 (39) 94670.543 (49) 94629.898 (-4)
20 || 94872.451 (16) 94825.275 (4) 94783.241 (1) 94790.247 (10) 94742.049 (50) 94699.734 (—16)
21 || 94953.060 (=5) | 94903.838 (~=13) | 94860.003 (10) || 94867.346 (14) | 94817.102 (48) | 94773.033 (24)
22 || 95037.414 (-28) | 94986.153 (-=23) | 94940.432 (—13) || 94948.063 (-5) 94895.749 (67) 94849.828 (44)
23 || 95125.607 (-7) 95071.968 (%) 95024.520 (-3) 95032.448 (5) 94977.888 (34) 94930.001 (—17)
24 || 95217.604 (8) 95161.698 (*) 05112.198 (=24) || 95120.416 (14) | 95063.597 (56) | 95013.686 (~23)
25 || 95313.372 (-4) 95255.084 (%) 95203.506 (-42) || 95212.019 (36) 95152.969 (*) 95100.807 (15)
26 || 95412.990 (6) 95352.495 (%) 95298.465 (—-87) || 95307.339 (29) 95245.814 (%) 95191.435 (—14)
27 || 95516.346 (5) 95454.281 05396.912 (—4) || 95406.288 (—35) | 95342.207 () 95285.493 (1)
28 || 95623.569 (-8) 95559.553 95499.443 (%) 95508.862 (—=34) | 95442.113 (*) 95383.007 (-25)
29 || 95734.539 (-6) 95668.018 95605.477 (%) 95615.111 (¥) 95545.608 (*) 95483.960 (-8)
30 || 95849.260 (=6) 95714.354 95724.997 (*) 95652.600 (*) | 95588.347

31 || 95967.797 (9) 95827.358 95838.431 (*) 95763.109 (*) 95696.164

32 || 96090.099 (-33) 95943.752 95955.503 (%) 95877.478 (%) 95807.494

33 || 96216.142 96076.216 (*) 95995.073 (*) | 95921.819

34 96200.504 (*) 96116.172 (%)

35 96328.391 (*) 96240.783 (*)

36 96459.893 (*) | 96368.929 (*)

37 96594.952 (*) 96501.308

38 96734.237 96636.494

39 96876.548 96775.059

40 97022.430 96917.129

41 97171.950 97062.777

42 97324.945 97211.828

43 97481.067

44 97641.214

Notes. See note to Table A.11.
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J. L. Lemaire et al.: Atlas of new and revised high-resolution spectroscopy of six CO isotopologues in the 101-115 nm range

Table A.16. Term values (cm™") of the C'X* (v’ =2) levels for 2C!60, 2C'80, 1*C'®0 and 3C!30.

C'S* (v =2)

J 12cl6o 12cl70 l2cl80 13cl6o l3cl7o 13cl80
0 || 96176.847 96076.354 96084.237 95981.334
1 || 96180.735 (-39) 96079.976 (—10) || 96087.843 (-35) 95984.794 (-99)
2 || 96188.313 (—8) 96087.167 (-21) 96095.093 (56) 95991.504 (1)
3 || 96199.763 (~5) 96097.982 (—4) || 96106.135 (~60) 96001.954 (~36)
4 || 96214.956 (—14) 96112.527 (—-10) || 96120.612 (64) 96015.782 (-23)
5 || 96234.026 (2) 96130.683 (8) 96138.856 (—33) 96033.102 (0)
6 || 96256.838 (7) 96152.430 (-52) || 96160.691 (~10) 96053.908 (~36)
7 || 96283.492 (13) 96177.772 (55) 96186.140 (19) 96078.132 (11)
8 || 96313.902 (-9) 96206.804 (75) 96215.187 (13) 96105.863 (-23)
9 || 96348.152 (27) 96238.649 96247.974 (-16) 96136.979

10 || 96386.184 (9) 96284.397 96171.599

11 || 96428.026 (20) 96324.497 96209.816

12 || 96473.673 (4) 96368.054 96251.686

13 || 96523.099 (-9)

14 || 96576.328 (7)

15 || 96633.359 (-2)

16 || 96694.441 (*)

17 || 96758.774

18 || 96826.996

19 || 96899.153

20 || 96975.186

21 || 97054.812

22 || 97138.442

Notes. See note to Table A.11.
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Table A.18. Term values (cm™) of the C'Z*(v' =3) levels for 2C'60, 2C'70, 12C'#0, 13C'®0 and *C'?0.

C'z (' =3)
J 12cl60 l2cl7o l2cl80 13cl60 I3cl70 l3cl80
0 || 98244.283 98166.927 98097.496 98109.150 97958.428
1 || 98248.391 (78) 98170.897 (%) 98101.151 (8) 98112.687 (93) 97961.839 (14)
2 || 98255.756 (65) 98177.984 (—61) | 98108.361 (44) 98119.934 (-31) 97968.777 (-5)
3 || 98267.022 (—4) | 98188.982 () | 98119.088 (27) || 98130.572 (33) 97979.025 (~23)
4 || 98282.005 (26) 98203.612 (10) 98133.397 (—13) || 98145.106 (—28) 97992.660 (16)
5 || 98300.722 (2) 98221.858 (31) 98151.258 (48) 98163.094 (—50) 98009.729 (56)
6 || 98323.408 (20) | 98243.884 () | 98172789 (55) || 98184.608 (-8) 98030.266 (~43)
7 || 98349.513 (12) 98269.333 (%) 98197.924 (-38) 98209.794 (82) 98054.206 (-7)
8 || 98379.587 (-9) 98298.890 98226.549 (-70) || 98238.590 (*) 98081.578 (30)
9 || 98413.415 (56) | 98331.716 98258.699 (=71) || 98270.759 (~81) 98112.243 (44)
10 || 98450.886 (37) 98368.526 98294.361 (*) 98306.531 (55) 98146.620 (6)
11 || 98492.133 (15) 98408.701 98333.946 98346.621 (*) 98184.062 (46)
12 || 98537.080 (—27) | 98454.314 98377.064 98389.229 98225.166 (92)
13 || 98585.779 (76) 98436.105 98269.547 (*)
14 || 98638.200 (—43) 98486.598 98317.396 (58)
15 || 98694.538 (67) 98368.494 (—65)
16 || 98754.504 (*) 98422.903
17 || 98818.246 (91)
18 || 98885.902 ()
19 || 98956.419 (14)
20 || 99031.355 (34)
21 || 99109.060

Notes. See note to Table A.11.
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to calculate molecular constants.
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Fig. A.27. Spectra of the E'TI(v" =2)-X'Z*(v”” = 0) band. Upper panel: Simulated absorption spectra of the Q-branch of the for '>C'°0 at 90 K and
at room temperature. Lower panels: spectra of 3C'°O (leff) and '*C'30 (right). Lowest panel: x10 expanded scale on the Q-branch between the
red arrows).
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Fig. A.28. Transition wavelengths of the E'TI(tv" = 3)-X'Z*(v” = 0) band for the five observed CO isotopologues.
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Fig. A.29. Reduced term values (cm™!) of the E'TI(v' = 3) levels for the five observed CO isotopologues (left: e-parity, and right: f-parity).
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Fig. A.30. Spectra of the E'TI(tv =3)-X'Z* (v =0) band for '>C'°O at room temperature (RT) and at ~90 K. Simulations below, in emission, of the
upper experimental spectra (using classical Honl-London factors).
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Fig. A.31. Spectra of the E'TI(v = 3)-X'Z*(v”" = 0) band for '>C!70O at ~90 K. Traces of >C'®0 are present around 101.185 nm.
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Fig. A.32. Spectra of the E'TI(v' =3)-X'Z*(v”” =0) band for '2C'%0 at ~90 K.
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Fig. A.33. Spectra of the E'TI(t =3)-X'Z*(v” =0) band for >C'°0, '2C'70, and '>C'%0 at ~90 K. '2C'"0O is about equally mixed with '>C'°0, and
traces of '2C'30 are present.
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Fig. A.34. Spectrum of the E'TI(v" =3)-X'Z*(v” =0) band for '*C'°0 at ~90 K.
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Fig. A.35. Spectra of the E'TI(v' =3)-X'Z*(v” =0) band for *C'°0O at ~90K (at two pressures) and *C'80 at room temperature (in black) and
~90 K (with two different blues).
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Fig. A.36. Spectra of the E'TI(v' =3)-X'Z*(v” =0) band for '*C'®O at room temperature (RT) and at ~90 K. The asterisk shows an impurity line in
the gas filter.
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Table A.19. Measured transition wavelengths and wavenumbers of the E'TI(v" = 0)-X'Z*(v”” =0) band for '>C'°0Q, '>C!"0, and '>C'*0.

ETTI( =0)-XTS* (0" =0)

T2¢T6g
J Rins (nm) Pyus (nm) Rins (cm™1) P (em™D) op Qs (nm) Qs (em™ D)
0 107.60335 92933.909 30
1 107.59867 92937.954 55 107.60789 92929.9884
2 107.59401 107.61678 92941.976 92922.313 12 107.60775 92930.109¢
3 107.58917 107.62106 92946.157 92918.619 17 107.60754 92930.291¢
4 107.58424 107.62520 92950.416 92915.039 -1 107.60726 92930.532¢
5 107.57921 107.62928 92954.762 92911.522 -6 107.60691 92930.832¢
6 107.57410 107.63321 92959.183 92908.131 4 107.60649 92931.1944
7 107.56887 107.63706 92963.700 92904.801 3 107.60601 92931.6164
8 107.56354 107.64086 92968.305 92901.521 3 107.60545 92932.0984
9 107.55815 107.64453 92972.961 92898.358 -6 107.60480 92932.656
10 107.55260 107.64809 92977.759 92895.285 -1 107.60409 92933.268
11 107.54706 107.65157 92982.554 92892.285 -19 107.60331 92933.942
12 107.54134 107.65491 92987.495 92889.399 -7 107.60253 92934.616
13 107.53555 107.65820 92992.505 92886.561 5 107.60161 92935.417
14 107.52967 107.66138 92997.585 92883.814 -4 107.60066 92936.233
15 107.52367 107.66449 93002.782 92881.139 -1 107.59959 92937.157
16 107.51763 107.66745 93008.004 92878.579 -5 107.59838 92938.207
17 107.51145 107.67031 93013.348 92876.118 -3 107.59730 92939.134
18 107.50522 107.67311 93018.740 92873.700 15 107.59603 92940.232
19 107.49886 107.67578 93024.240 92871.397 18 107.59476 92941.330
20 107.49245 107.67842 93029.793 92869.116 -2 107.59329 92942.601
21 107.48592 107.68090 93035.440 92866.979 6 107.59192 92943.779
22 107.47935 107.68326 93041.133 92864.947 -13 107.59038 92945111
23 107.47263 107.68556 93046.945 92862.960 -14 107.58869 92946.572
24 107.46583 107.68775 93052.831 92861.076 1 107.58711 92947.935
25 107.45898 107.68982 93058.762 92859.286 -5 107.58541 92949.408
26 107.45200 107.69184 93064.814 92857.544 9 107.58363 92950.943
27 107.44493 107.69376 93070.932 92855.895 2 107.58177 92952.549
28 107.43781 107.69556 93077.101 92854.336 8 107.58000 92954.083
29 107.43061 107.69724 93083.341 92852.893 -8 107.57782 92955.961
30 107.42264 107.69887 93090.243 92851.483 *
31 107.41584 107.70036 93096.144 92850.198 *
32 107.40839 107.70307 93102.593 92847.867
33 107.40082 107.70427 93109.158 92846.831
34 107.39310 93115.848

IZC[ 0
0 107.60371 92933.596 21
1 107.59922 92937.478 19 107.60821 92929.714¢
2 107.59460 107.61678 92941.469 92922.310 40 107.60807 92929.831¢
3 107.58986 107.62096 92945.563 92918.701 8 107.60787 92930.006¢
4 107.58509 107.62507 92949.679 92915.156 1 107.60760 92930.241¢
5 107.58018 107.62893 92953.925 92911.820 2 107.60726 92930.536¢
6 107.57519 107.63283 92958.234 92908.459 19 107.60684 92930.893¢
7 107.57011 107.63659 92962.629 92905.211 1 107.60636 92931.311¢
8 107.56492 107.64031 92967.111 92901.998 1 107.60580 92931.794¢
9 107.55967 107.64385 92971.654 92898.942 -15 107.60517 92932.341
10 107.55431 107.64733 92976.282 92895.938 -10 107.60448 92932.931
11 107.54886 107.65070 92980.997 92893.032 —-11 107.60376 92933.555
12 107.54328 107.65402 92985.817 92890.170 -3 107.60290 92934.301
13 107.53763 107.65721 92990.702 92887.413 -1 107.60202 92935.060
14 107.53193 107.66031 92995.630 92884.743 2 107.60104 92935.906
15 107.52614 107.66331 93000.646 92882.157 -2 107.60003 92936.781
16 107.52021 107.66625 93005.767 92879.615 -3 107.59917 92937.516
17 107.51422 107.66908 93010.952 92877.178 -2 107.59781 92938.691
18 107.50813 107.67178 93016.219 92874.846 -1 107.59659 92939.747
19 107.50198 107.67441 93021.547 92872.578 -8 107.59525 92940.908
20 107.49569 107.67694 93026.986 92870.397 12 107.59397 92942.010
21 107.48934 107.67937 93032.483 92868.300 21 107.59251 92943.269
22 107.48293 107.68173 93038.029 92866.264 3 107.59105 92944.536
23 107.47641 107.68399 93043.670 92864.314 -33 107.58923 92946.109
24 107.46983 107.68613 93049.368 92862.473 21 107.58790 92947.259
25 107.46316 107.68810 93055.144 92860.773 * 107.58628 92948.659
26 107.45625 107.69021 93061.134 92858.953 *
27 107.44929 107.69267 93067.160 92856.831 * 107.58321 92951.304
28 107.69453 92855.225
29 107.69638 92853.634

LISIETeY
0 107.60400 92933352 27
1 107.59955 92937.192 55 107.60836 92929.585¢
2 107.59511 107.61678 92941.031 92922.312 17 107.60822 92929.706¢
3 107.59052 107.62088 92944.996 92918.772 3 107.60801 92929.887¢
4 107.58584 107.62483 92949.035 92915.365 -2 107.60773 92930.126¢
5 107.58106 107.62868 92953.167 92912.037 0 107.60739 92930.419¢
6 107.57616 107.63247 92957.396 92908.765 -3 107.60699 92930.764¢
7 107.57119 107.63617 92961.697 92905.573 5 107.60654 92931.157¢
8 107.56615 107.63974 92966.048 92902.491 0 107.60602 92931.607¢
9 107.56100 107.64325 92970.497 92899.461 -9 107.60543 92932.116
10 107.55577 107.64667 92975.020 92896.510 -7 107.60473 92932.722
11 107.55046 107.64997 92979.611 92893.665 11 107.60397 92933.372
12 107.54503 107.65320 92984.303 92890.876 -2 107.60321 92934.028
13 107.53955 107.65634 92989.044 92888.170 -7 107.60235 92934.775
14 107.53393 107.65938 92993.904 92885.544 11 107.60143 92935.572
15 107.52828 107.66233 92998.790 92882.997 1 107.60042 92936.445
16 107.52252 107.66519 93003.776 92880.528 4 107.59934 92937.375
17 107.51670 107.66796 93008.808 92878.143 -9 107.59827 92938.302
18 107.51074 107.67063 93013.963 92875.837 3 107.59706 92939.341
19 107.50473 107.67321 93019.164 92873.614 1 107.59580 92940.430
20 107.49860 107.67569 93024.466 92871.470 -4 107.59443 92941.612
21 107.49242 107.67809 93029.814 92869.405 -8 107.59309 92942.772
22 107.48616 107.68035 93035.238 92867.451 11 107.59162 92944.045
23 107.47978 107.68256 93040.760 92865.549 -3 107.58998 92945.456
24 107.47337 107.68468 93046.306 92863.725 -5 107.58853 92946.713
25 107.46683 107.68669 93051.971 92861.983 -1 107.58688 92948.140
26 107.46014 107.68865 93057.762 92860.293 -8 107.58506 92949.710
27 107.45351 107.69048 93063.499 92858.715 0 107.58360 92950.973
28 107.44672 107.69213 93069.388 92857.294 -4 107.58251 92951.910
29 107.43989 107.69387 93075.298 92855.794 -7 107.58105 92953.173
30 107.43292 107.69540 93081.335 92854.479 3 107.57945 92954.554
31 107.42591 107.69689 93087.414 92853.193 -17 107.57778 92955.999
32 107.41878 107.69826 93093.596 92852.013 33
33 107.41161 107.69950 93099.802 92850.943
34 107.40443 107.70077 93106.030 92849.846

Notes. Column description (see also Sect. 2.2) for each isotopologue. Col. 1: J. Cols. 2 and 3: Rj;s and Py,s wavelengths (nm). Cols. 4 and 5: Ry and Py,s wavenumbers (cm'I ). Col. 6: 6p wavenumber corrections
applied to TV p in units of the least significant digit (=6 p is applied to TVg). No value means no measurement for one of the branches, either R or P. An asterisk indicates, when both R- and P-branches are present at

high J’, either the potential presence of a perturbing state or that one of the lines shows a larger uncertainty than the other. Cols. 7 and 8: Qs O-branch wavelengths and wavenumbers. (@ Data from Cacciani & Ubachs
(2004). (©) Data calculated from the e-parity levels.
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Table A.20. Measured transition wavelengths and wavenumbers of the E'TI(v' =0)-X'X*(v”" =0) band for 3C'°0, 3C!70, and '*C'30 (same
column description as for Table A.19).

ET =0)-XTst (" =0)
T¢cleg
J Rins (nm) Pps (nm) Rms (cm™ 1) Pms (cm™ 1) op Qs (nm) Qums (cm™T)
0 107.60376 92933.553 23
1 107.59926 92937.440 68 107.60810 92929.804%
2 107.59482 107.61659 92941.275 92922.479 27 107.60797 92929.918%
3 107.59023 107.62070 92945.241 92918.925 -13 107.60777 92930.092¢
4 107.58552 107.62468 92949.311 92915.492 3 107.60750 92930.323%
5 107.58070 107.62851 92953.476 92912.187 0 107.60717 92930.6104
6 107.57584 107.63234 92957.679 92908.877 -3 107.60677 92930.956%
7 107.57084 107.63602 92961.993 92905.701 -7 107.60630 92931.358¢
8 107.56577 107.63966 92966.379 92902.565 4 107.60584 92931.763
9 107.56060 107.64316 92970.843 92899.543 -8 107.60518 92932.327
10 107.55535 107.64661 92975.381 92896.567 -4 107.60447 92932.942
11 107.54998 107.64991 92980.029 92893.715 20 107.60376 92933.557
12 107.54459 107.65316 92984.687 92890.910 -14 107.60299 92934.217
13 107.53905 107.65633 92989.481 92888.178 0 107.60209 92935.000
14 107.53343 107.65934 92994.338 92885.575 8 107.60117 92935.794
15 107.52774 107.66231 92999.260 92883.016 -13 107.60018 92936.650
16 107.52191 107.66519 93004.302 92880.535 27 107.59905 92937.628
17 107.51609 107.66791 93009.337 92878.182 7 107.59802 92938.514
18 107.51012 107.67064 93014.503 92875.829 23 107.59679 92939.579
19 107.50409 107.67323 93019.715 92873.598 23 107.59553 92940.661
20 107.49793 107.67574 93025.050 92871.427 22 107.59411 92941.891
21 107.49172 107.67816 93030.424 92869.342 28 107.59282 92943.003
22 107.48546 107.68043 93035.838 92867.385 -5 107.59148 92944.160
23 107.47906 107.68266 93041.382 92865.460 8 107.58987 92945.551
24 107.47261 107.68475 93046.965 92863.660 1 107.58820 92946.995
25 107.46605 107.68679 93052.640 92861.903 6 107.58637 92948.576
26 107.45931 107.68873 93058.477 92860.232 0
27 107.45267 107.69058 93064.230 92858.636 5
28 107.44588 107.69221 93070.108 92857.231 0
29 107.43899 107.69395 93076.076 92855.727 14
30 107.43201 107.69552 93082.124 92854.375 -2
31 107.42497 107.69702 93088.224 92853.084 12
32 107.41786 107.69834 93094.389 92851.942 -2
33 107.41063 107.69967 93100.652 92850.799 -2
34 107.40336 107.70084 93106.955 92849.785 11
35 107.39595 107.70192 93113.383 92848.853 38
36 107.38854 107.70298 93119.810 92847.940 -2
37 107.38103 107.70392 93126.323 92847.136 58
38 107.37346 107.70468 93132.882 92846.474
39 107.36595 107.70557 93139.398 92845.709
40 107.35877 93145.628
T3clo
0
1 107.59949 92937.243
2 107.59504 92941.084
3 107.59047 92945.036
4 107.58645 92948.504 *
5 107.58150 92952.785 *
6 107.57715 107.63162 92956.546 92909.503 *
7 107.57217 107.63505 92960.847 92906.536 -56
8 107.56722 107.63901 92965.127 92903.125 -36
9 107.56219 107.64246 92969.472 92900.146 -12
10 107.55707 107.64583 92973.894 92897.238 -4
11 107.55184 107.64913 92978.418 92894.390 12
12 107.54657 107.65230 92982.973 92891.654 -4
13 107.54120 107.65537 92987.614 92889.007 1
14 107.53574 107.65832 92992.343 92886.459 3
15 107.53022 107.66122 92997.115 92883.958 -2
16 107.52458 107.66401 93001.993 92881.553 -1 107.59949 92937.247
17 107.51889 107.66672 93006.917 92879.208 4 107.59832 92938.251
18 107.51307 107.66932 93011.949 92876.965 8 107.59717 92939.246
19 107.50721 107.67188 93017.015 92874.763 2
20 107.50127 107.67430 93022.154 92872.674 —16
21 107.49522 107.67665 93027.391 92870.646 =22
22 107.48910 107.67888 93032.686 92868.720
23 107.48290 107.68103 93038.060 92866.871
24 107.47664 93043.472
25 107.47028 93048.979
26 107.46373 93054.650
BclBo
0 107.60441 92932.991 -19
1 107.60012 92936.696 26 107.60856 92929.407%
2 107.59601 107.61650 92940.247 92922.550 22 107.60844 92929.516%
3 107.59165 107.62041 92944.020 92919.180 * 107.60825 92929.6814
4 107.58719 107.62438 92947.871 92915.754 * 107.60799 92929.902¢
5 107.58258 107.62854 92951.852 92912.160 * 107.60767 92930.175¢
6 107.57793 107.63231 92955.869 92908.903 * 107.60729 92930.504%
7 107.57319 107.63544 92959.963 92906.207 66 107.60685 92930.888¢
8 107.56841 107.63888 92964.094 92903.230 76 107.60638 92931.291
9 107.56350 107.64207 92968.338 92900.478 31 107.60578 92931.809
10 107.55853 107.64539 92972.639 92897.613 16 107.60516 92932.348
11 107.55345 107.64845 92977.030 92894.973 19 107.60450 92932.917
12 107.54836 107.65151 92981.424 92892.334 -3 107.60370 92933.609
13 107.54305 107.65450 92986.015 92889.750 19 107.60286 92934.331
14 107.53773 107.65743 92990.620 92887.223 22 107.60200 92935.072
15 107.53234 107.66023 92995.282 92884.808 -1 107.60102 92935.925
16 107.52688 107.66297 93000.000 92882.449 6 107.60013 92936.688
17 107.52130 107.66557 93004.830 92880.203 15 107.59892 92937.735
18 107.51565 107.66817 93009.715 92877.957 26 107.59778 92938.722
19 107.50994 107.67065 93014.658 92875.823 11 107.59665 92939.697
20 107.50410 107.67306 93019.712 92873.744 27 107.59539 92940.786
21 107.49825 107.67534 93024.768 92871.778 -10 107.59396 92942.020
22 107.49230 107.67755 93029.921 92869.868 -17 107.59262 92943.178
23 107.48626 107.67963 93035.144 92868.072 =21 107.59102 92944.557
24 107.48010 107.68167 93040.480 92866.318 6 107.58943 92945.938
25 107.47394 107.68362 93045.815 92864.633 8 107.58782 92947.324
26 107.46758 107.68551 93051.319 92863.004 14 107.58586 92949.017
27 107.46122 107.68733 93056.824 92861.432 -6
28 107.45480 107.68896 93062.384 92860.027 6
29 107.44825 107.69053 93068.057 92858.679 6
30 107.44170 107.69209 93073.734 92857.331 -1
31 107.43503 107.69348 93079.514 92856.129 11
32 107.42816 107.69485 93085.459 02854.951 58
33 107.42148 107.69613 93091.251 92853.845 0
34 107.41462 107.69730 93097.193 92852.841 -8
35 107.40780 107.69838 93103.107 92851.904 —60
36 107.40033 107.69940 93109.581 92851.025 91
37 107.39327 107.70034 93115.701 92850.214 54
38 107.38606 107.70110 93121.953 02849.564 93
39 107.37894 107.70181 93128.133 92848.949
40 107.37238 107.70254 93133.825 92848.319

Notes. (a) Data from Cacciani & Ubachs (2004) (same column description as for Table A.19).
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Table A.22. Measured transition wavelengths and wavenumbers of the ~ Table A.23. Measured transition wavelengths and wavenumbers of the
E'TI(v' = 1)-X'Z*(v” =0) band for '2C'°0, 2C!70, and '2C80 (same E'TI(v' = 1)-X'Z*(v”” =0) band for *C'°0, 3C"70, and *C'#0 (same

column description as for Table A.19). column description as for Table A.19).
EM( =1)-X"T* (" =0) W =) X137 (7 =0)
EISITY) B3¢clog
J Ry (nm) Pys (nm) Ry (m™) Py (cm™) Sp Qs (nm) Oy (cm™T) J Rins (nm) Pps (0m) | Rmg(cm™ 1) Ppg (cm™ 1) op Oms (M) Qg (cm™ 1)
0 105.16712 95086.757 T 0 105.21928 95039.616 B "
1 105.16277 95090.688 20 105.17156 95082.741 1 105.21515 95043351 5 105.22332 95035.969
2 105.15842 105.17985 95094.620 95075.244 -5 105.17145 95082.8417 2 105.21101 105.23149 95047.086 95028.592 12 105.22333 95035.958”
3 105.15401 105.18408 95098.607 95071.424 26 105.17129 95082.987" 3 105.20672 105.23551 95050.961 95024.962 2 105.22333 95035.9610
4 105.14960 105.18818 95102.595 95067.718 2 105.17138 95082.898" 4 105.20255 105.23953 95054.730 95021.333 1 105.22320 95036.0787
5 105.14513 105.19234 95106.639 95063.954 6 105.17123 95033.036]" 5 105.19838 105.24335 95058.502 95017.877 -2 105.22326 95036.0212
6 105.14016 105.19638 95111.132 95060.305 69 105.17133 95082.951% b
7 105.13607 105.20042 95114.839 95056.654 19 105.17065 95083.564” s 10315549 1032432 oLl e o 95036']8(1);
o 5. 5114.83 oy i osoRe b 7 105.18922 105.25127 95066.774 95010.732 -9 10522244 9503676304
5 || 1051651 0520k | osizdms  oseidss 3 | dosumis  osowson 5| osmso t5 | losass osuseec
: : - - : o 9 105.18037 105.25836 95074.771 95004.330 28 10522265 95036.5750:
10 105.12216 105.21254 95127420 95045.702 -8 105.17048  95083.718"" b
b 10 105.17608 105.26233 95078.656 95000.745 -2 10522222 95036.9625
11 105.11726 105.21584 95131.857 95042.726  -80 105.17060  95083.607" p P, 02082 60 01997.655 o veomre ou0n6s36hu
12 105.11267 10521988 | 95136013 95039074 -9 | 10517018  95083.991° 1 10517161 105.2657. 3082.69, 7.685 ! 105.2223 3036836
13 105.10795 105.22330 05140.281 05035.985 8 10517023 95083.938b% 12 105.16712 105.26961 95086.751 94994.181 8 105.22220 95036.978va
4 105.10324 105.22734 05144 549 05032.335 o 10517012 95084.04254 13 105.16257 105.27330 95090.869 94990.850 20 105.22204 95037,126b'u
15 105.09840  105.23114 95148.930 95028.909 19 105.17004  95084.116" 1 105.15799 105.27690 95095.006 94987.595 -4 105.22187 95037276
16 105.09356  105.23487 95153.311 95025.540 14 105.16980  95084.331 15 105.15340 10528049 95099.162 94984.363 -6 10522165 950374720
17 105.08872  105.23854 95157.692 95022.226 _16 105.16968  95084.442b 16 105.14874 105.28396 95103.377 94981227 -2 10522147 95037.6400
18 105.08382 105.24214 95162.129 95018.968 -15 105.16943  95084.664> 7 105.14408 105.28746 95107.593 94978.069 -6 10522124 95037.8490:
19 105.07886  105.24569 95166.622 95015.767 16 105.16922  95084.853% 18 105.13937 105.29091 95111.847 94974.964 -1 10522106 95038.01124
20 105.07390  105.24924 95171115 95012.565 -5 105.16904  95085.018"" 19 105.13463 105.29433 95116.141 94971.878 1 10522081 95038.2350:4
21 105.06894 10525278 95175.608 95009.364 24 105.16886  95085.176"* 20 105.12988 105.29772 95120.433 94968.820 -7 10522058 95038.4410:u
22 105.06392 105.25621 95180.157 95006.275 -1 21 105.12510 105.30105 95124.765 94965.811 -6 105.22021 95038.7750:1
23 10505883 105.25963 |  95184.762 95003.186 5 2 10512027 10530436 95129.135 94962.826 * 10522014 95038.842b:
24 105.05381 105.26305 95189.311 95000.097 -3l 23 105.11542 10530764 95133.520 94959.868 5 10521979 95039.160%
25 105.04867  105.26641 95193.973 94997.064 77 24 105.11058 105.31010 95137.901 94957.656 -23
26 105.04358 10526971 95198.579 94994.087 * 25 105.10568 105.31410 95142338 94954.048 -18
| o3 : X * 26 105.10072 10531724 95146.831 94951216 8
%; 11?]55 %?g‘l‘? llgg ;%3 355223 %‘1‘2 gig;g Zgﬁ N 27 105.09575 10532038 95151.324 94948.381 -26
- - - g . 28 105.00078  105.32350 95155.823 94945.569 16
29 105.02804 105.28042 95212.665 94984.427 29 105.08578 103532648 95160.353 94942884 63
30 105.02280  105.28396 95217.416 94981.226 * 30 10508074 10532955 95164.920 94940.122
31 105.28745 94978.081 31 105.07567 105.33272 95169.508 94937264
32 105.29094 94974.936 32 105.07059 95174.114
33 105.06558 95178.646
3 105.25437 94571836 34 105.06558 95178.646
:;zsx {oz.igzso 93962.74? T
: s i iz =
E sl 1 105.24604 95015.447 3 105.25399 95008.279%
c’o 2 105.24203 105.26189 95019.067 95001.140 -1 105.25399 95008.279%
0 105.19698 95059.762 -1 3 105.23816 10526587 95022.562 94997.548 105.25402 95008.246!
1 105.19279 95063.545 ~11 105.20115 95055.999" 4 105.26978 94994.020 105.25419 95008.095"
2 105.18855 105.20942 95067.381 95048.522 -2 105.20111 95056.030" 5 105.22903 95030.806 0 105.25212 95009.966%
3 105.18425 105.21351 95071.271 95044.828 13 105.20116 95055.989¢ 6 105.22499 105.27384 95034.455 94990.356 -1 105.25321 95008.983"
4 10518008 10521758 | 95075.037 95041.151 -4 10520094 95056.184¢ . oS0 05280 TS o293 o e ECo ke
_ . : : 16 . : .
5 10517557 105.22160 93079.115 93037518 ! 105.20094 J3056.188° 9 105.21220 105.28857 95046.007 94977.067 -2 105.25305 95009.1274
6 105.17126 105.22569 95083.007 95033.825 2 105.20128 95055.882° 0 10520789 105 20174 3049.901 94974207 3 10525296 930092031
7 10516744~ 105.22948 | 95086466 95030.408 4 10520031 950567547 11 10520351 10529540 |  95053.858 94970.906 -2 | 10525284 95009.312¢
8 105.16198 105.23347 95091.405 95026.804 -7 105.20038 95056.693 12 105.19910 105.29900 95057.843 94967.659 -4 105.25269 95009.4474
9 105.15765 105.23793 95095.312 95022.772 7 105.19994 95057.086° 13 105.19468 105.30253 95061.837 94964.476 -4 105.25254 95009.581%
10 105.15291 105.24073 95099.599 95020.248 10 105.20001 95057.023¢ 14 105.19019 105.30602 95065.895 94961.328 2 105.25236 95009.746"
11 105.14848 105.24472 95103.611 95016.645 3 105.19988 95057.147¢ 15 105.18572 105.30950 95069.935 94958.190 -3 105.25216 95009.924%
12 105.14389 105.24826 95107.760 95013.447 17 105.19971 95057.297° 16 10518119 105.31292 95074.029 94955.107 -2 105.25195 95010.114%
13 105.13929 105.25208 95111.926 95009.998 13 105.19953 95057.463¢ 17 105.17662 105.31633 95078.160 94952.032 -2 105.25173 95010.316%
4 105.13464 105.25579 95116.128 95006.647 _19 105.19933 05057.640¢ 18 105.17204 105.31969 95082.301 94949.003 -1 105.25149 95010.529%
: ’ ) : ’ 'g0ge 19 105.16747 105.32300 95086.432 94946.019 -1 105.25125 95010.753"
}2 igggggg :82522;‘3 Zg};gzﬁj ggggg?;g ‘1“5) 1‘8;'23;(2) zgggggii 20 105.16272 105.32630 95090.727 94943.044 2 105.25098 95010988~
o 105 12038 10326667 03129031 94996833 . 105 19867 02028 230° 21 105.15806 10532960 95094.941 94940.069 105.25071 95011.233%
: - b - : - 2 105.15337 105.33272 95099.183 94937257 105.25043 95011.488"
18 105.11566 105.27014 95133.302 94993.697 -20 105.19844 95058.445¢ 23 105.25014 05011.754%
19 105.11079 105.27376 95137.713 94990.432 25 24 105.24983 95012.029%
20 105.10590 105.27699 95142.141 94987.519 90 25 105.24952 95012.313%
21 105.10102 105.28045 95146.554 94984.400 Bco
22 105.09636 105.28392 95150.777 94981.263 0 105.27550 04938861 35
23 105.09106 95155.568 1 105.27239 94991.669 58 105.27943 94985.3174
24 105.08627 95159.911 2 105.26890 105.28719 94994.815 94978.312 -8 105.28026 94984.570P:1
25 105.08194 95163.833 3 105.26511 105.29187 94998.240 94974.090 10 10528065 94984.2200:1
gg’ 1]%55-%777121 ggllgz-(z);‘;‘ 4 10526112 10529598 95001.835 94970.383 57 10528082 94984.06704
> BRLE TS 5 10525720 105.29997 95005.373 94966.789 * 10528079 94984.086:4
- b.u
6 10525285 105.30383 95009.305 94963.307 4 10528104 94983.8600
? ]]%5522?3? ggggg"z‘iz ’1125 10522776 95031.953 7 10524880 105.30782 95012.955 94959.712 6 10528064 94984.2270:u
. 5039. . 5031.953 bt
2 10521546 10523598 | 95043.067  95024.533 2 10522779 95031.929° 8 10524464 105.31099 95016718 94936.848 36 10528062 94984.240 "
3 105.21136 105.24001 95046773 05020.893 A 10522764 05032.064° 9 105.24047 105.31461 95020.481 94953.590 52 105.28049 94934.353b .
4 10520718 10524389 | 95050.548 95017388 15 | 10522775 95031968 1071110523630 10531828 | 95024.246 94930.277 <7 | 10528040 94984441 M
5 10520308 10524785 05054.254 95013.817 28 105.22789 95031.841° 1 105.23201 105.32183 95028.119 94947.075 19 10528026 94984.5640
6 105.19756 105.25181 05059 242 05010.244 17 105.22793 95031.804° 12 10522778 10532526 95031938 94943.986 -10 10528010 94984.71004
7 105.19390 105.25584 95062.545 95006.605 25 105.22666 95032.947" 13 105.22337 105.32875 95035.926 94940.841 19 105.27994 94984.853b~“
8 105.18973 105.25840 95066.319 95004.297 3 10522726 95032.407%% 14 105.21901 105.33218 95039.858 94937.752 2 10527973 94985.0490:
9 105.18510 105.26286 95070.497 95000.270 25 10522728 950323920« 15 105.21466 10533554 95043.789 94934.719 -1 10527953 94985.2250:u
10 105.18078 105.26674 95074.406 94996.765 11 105.22684 95032.784" 16 105.21018 105.33891 95047.832 94931.687 6 10527927 94985.4590:4
11 105.17638 105.27025 95078.383 94993.597 -36 105.22685 95032.775" 17 105.20577 105.34221 95051.820 94928.710 -14 105.27908 94985.6340:1
12 105.17183 105.27399 95082.494 94990.227 20 105.22668  95032.9320« 18 10520129 10534545 95055.864 94925789 ) 105.27881 94985.874b:1
13 105.16728 105.27757 95086.605 94986.992 11 105.22656 950”04'”"" 19 105.19676 105.34869 95059.964 94922.869 1 105.27884 94985.8492
14 105.16274 105.28123 95090.717 94983.690 4 105.22629 95033284/ 2 105.19222 105.35193 05064.064 04919.948 21 10527816 04986.464>
15 105.15812 105.28474 95094.895 94980.523 32 105.22604 95033.509" 2 105.18762 105.35511 05068.220 04917.084 18 105.27816 04986.4620
16 105.15357 105.28826 95099.006 94977.354 -39 105.22596 95033.579 » 10518302 10535823 05072.376 04914.276 I 10527790 04986.6950
17 105.14887 105.29177 95103.253 94974.187 -6 105.22568 95033.835" 23 105.17843 105.36135 95076.532 94911.468 7
18 105.14418 105.29513 95107.498 94971154 -1 105.22554 95033.959" 24 105.17377 105.36440 95080.744 94908.716 6
19 105.13950 105.29857 95111.731 94968.054 —41 105.22533 95034.154” %2 113551123 19 118;;%12 3§8§;‘§§§ gjgg;ggg *13‘0
b .. .. .. ..
20 105.13479 105.30192 95115.994 94965.033 15 105.22512 95034342/ bt 10315560 10337338 92093 550 94900656 ”
21 105.12993 105.30522 95120.386 94962.055 —14 105.22482 95034.616" 28 10513488 105.37637 95007818 04897932 5
22 105.12524 105.30867 95124.632 94958.942 * 105.22465 95034.769” 29 105.15010 105.37924 95102.143 94895.349 1
23 105.12047 105.31179 95128.953 94956.132 -8 30 10514526 10538205 95106522 94892.822 2
x 31 105.14043 105.38493 95110.887 94890.225 0
i‘; ]182]1}(5)21 }g;i}gz; 3?@3;32 ‘;ﬁzgﬁg N 32 105.13554 105.38770 95115.311 94887.732 -73
s 5.1105 318 37 0. 33 105.13070 105.39047 95119.694 94885.239
26 105.32201 94946.914 34 105.12588 105.39301 95124.053 94882.956
27 105.32201 94946.914

Notes. ®Data from Baker et al. (1993). ®Data from Ubachs et al.
(2000). ©@Data calculated from the e-parity levels. @Data calculated
from the e-parity levels using the deperturbation described in Ubachs
et al. (2000).

Notes. ®Data from Baker et al. (1993). ®Data from Ubachs et al.
(2000). ©Data calculated from the e-parity levels.
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Table A.25. Measured transition wavelengths and wavenumbers of the ~ Table A.26. Measured transition wavelengths and wavenumbers of the
E'TI(v' =2)-X'2*(v” =0) band for '2C'°0, 2C!70, and '2C80 (same E'TI(v' =2)-X'Z*(v”” =0) band for *C'°0, 3C"70, and *C'80 (same

column description as for Table A.19). column description as for Table A.19).
E'T( =2)-X"=" (v =0) E'TI(W =2)-X"=" (v =0)
T CMO T3 CI60
J Ry (nm) Py (nm) Ry (em™) Py (em™D) op Qs (M) Qpy (cm™D) J Ry, (nm) Ps (nm) Rys (em™) Py (cm™D) [ Qs (M) Qy (em™D)
0 102.92548 97157.676 -6 0 103.01876 97069.703 22
1 102.92149 97161.438 0 102.92955 97153.831 1 103.01491 97073.325 13 103.02267 97066.018
2 102.91750 102.93769 97165.201 97146.152 9 102.92968 97153.712 2 103.01111 103.03051 97076.906 97058.631 3 103.02278 97065.907
3 102.91364 102.94186 97168.852 97142.214 -30 102.92987 97153.531 3 103.00738 103.03445 97080.427 97054.919 -6 103.02296 97065.740
4 102.90977 102.94604 97172.503 97138.271 2 102.93012 97153.288 4 103.00364 103.03843 97083.951 97051.171 10 103.02320 97065.518
5 102.90596 102.95023 97176.098 97134.311 =21 102.93045 97152.979 5 102.99998 103.04248 97087.394 97047.358 -1 103.02349 97065.241
6 102.90216 102.95458 97179.692 97130.212 13 102.93085 97152.604 6 102.99633 103.04657 97090.837 97043.502 -3 103.02384 97064.911
7 102.89847 102.95887 97183.174 97126.168 -9 102.93132 97152.156 7 102.99272 103.05069 97094.242 97039.620 6 103.02420 97064.573
8 102.89478 102.96327 97186.656 97122.012 -1 102.93189 97151.626 8 102.98915 103.05483 97097.605 97035.724 4 103.02468 97064.124
9 102.89116 102.96768 97190.082 97117.856 9 102.93249 97151.060 9 102.98565 103.05903 97100.908 97031.767 -6 103.02532 97063.518
10 102.88759 102.97214 97193.452 97113.644 -8 102.93315 97150.430 10 102.98217 103.06325 97104.192 97027.792 —4 103.02581 97063.059
11 102.88402 102.97667 97196.821 97109.375 4 102.93387 97149.752 11 102.97870 103.06752 97107.459 97023.776 10 103.02644 97062.463
12 102.88058 102.98120 97200.079 97105.106 -9 102.93447 97149.189 12 102.97533 103.07183 97110.642 97019.722 3 103.02715 97061.790
13 102.87707 102.98578 97203.392 97100.782 35 102.93557 97148.150 13 102.97195 103.07618 97113.828 97015.629 -1 103.02791 97061.079
14 102.87374 102.99043 97206.538 97096.401 8 102.93653 97147.243 14 102.96865 103.08057 97116.936 97011.496 -1 103.02872 97060.313
15 102.87041 102.99514 97209.684 97091.965 20 102.93757 97146.265 15 102.96538 103.08496 97120.023 97007.364 11 103.02965 97059.438
16 102.86714 102.99986 97212.772 97087.508 23 102.93865 97145.240 16 102.96217 103.08943 97123.050 97003.152 1 103.03058 97058.559
17 102.86394 103.00467 97215.802 97082.977 -1 102.93981 97144.145 17 102.95903 103.09396 97126.017 96998.896 —49 103.03164 97057.568
18 102.86080 103.00951 97218.770 97078.413 9 102.94111 97142.922 18 102.95588 103.09849 97128.985 96994.630 21 103.03275 97056.522
19 102.85773 103.01436 97221.671 97073.848 102.94247 97141.638 19 102.95282 103.10300 97131.871 96990.389 # 103.03389 97055.441
20 102.85469 103.01933 97224.538 97069.158 102.94386 97140.325 20 102.94978 103.10776 97134.739 96985.913 * 103.03508 97054.320
21 102.85173 97227.342 102.94540 97138.875 21 102.94691 103.11073 97137.450 96983.118 * 103.03646 97053.028
22 102.84890 97230.019 102.94697 97137393 22 102.94389 103.11393 97140.297 96980.108 103.03784 97051.724
23 102.84597 97232.789 102.94867 97135.788 23 102.94110 103.11717 97142.928 96977.056 103.03936 97050.297
T2CT7O 24 102.93836 97145.520 103.04087 97048.873
0 102.97878 97107.382 35 BC70
1 102.97490 97111.046 -8 102.98274 97103.654 0 103.07389 97017.780 *
2 102.97105 102.99078 97114.672 97096.067 =20 102.98287 97103.531 1 103.06991 97021.526 * 103.07767 97014.220
3 102.96724 102.99475 97118.266 97092.324 -5 102.98303 97103.379 2 103.08426 97008.020
4 102.96340 102.99883 97121.892 97088.479 30 102.98328 97103.140 3 103.08762 97004.859
5 102.95975 103.00300 97125.334 97084.550 -12 102.98358 97102.863 4 103.09098 97001.697
6 102.95602 103.00718 97128.850 97080.612 —48 102.98395 97102.511 5 103.09442 96998.460
7 102.95236 103.01139 97132.309 97076.647 -17 102.98444 97102.052 6 103.09783 96995.252
8 102.94873 103.01553 97135.732 97072.747 11 102.98497 97101.553 7 103.10130 96991.987
9 102.94524 103.01987 97139.025 97068.657 36 102.98556 97100.995 8 103.10479 96988.704
10 102.94172 103.02424 97142.346 97064.539 102.98608 97100.498 9 103.10830 96985.403
11 102.93817 103.02873 97145.697 97060.302 102.98666 97099.952 10 103.11187 96982.045
12 102.98762 97099.053 11 103.11544 96978.687
13 102.98830 97098.409 12 103.11906 96975.283
14 102.98923 97097.534 BCRO
7Cto 0 103.12332 96971.277 12
0 103.02681 97062.114 8 1 103.11968 96974.703 2 103.12705 96967.768
1 103.02299 97065.713 2 103.03074 97058.409 2 103.11603 103.13449 96978.129 96960.774 20 103.12715 96967.673
2 103.01924 103.03849 97069.246 97051.112 -9 103.03086 97058.302 3 103.11245 103.13825 96981.499 96957.237 10 103.12730 96967.530
3 103.01548 103.04243 97072.789 97047.401 8 103.03103 97058.141 4 103.10887 103.14208 96984.868 96953.642 1 103.12751 96967.341
4 103.01179 103.04643 97076.267 97043.634 -2 103.03126 97057.927 5 103.10535 103.14590 96988.182 96950.047 21 103.12776 96967.104
5 103.00809 103.05048 97079.754 97039.820 17 103.03154 97057.658 6 103.10188 103.14973 96991.440 96946.453 -15 103.12806 96966.822
6 103.00446 103.05454 97083.175 97035.997 8 103.03188 97057.336 7 103.09842 103.15367 96994.697 96942.746 =22 103.12841 96966.495
7 103.00088 103.05865 97086.549 97032.127 1 103.03228 97056.959 8 103.09496 103.15755 96997.955 96939.096 0 103.12880 96966.123
8 102.99731 103.06277 97089.914 97028.248 -6 103.03275 97056.518 9 103.09156 103.16150 97001.156 96935.389 —4 103.12923 96965.717
9 102.99379 103.06694 97093.233 97024.322 21 103.03328 97056.019 10 103.08821 103.16550 97004.302 96931.626 -8 103.12977 96965.212
10 102.99036 103.07112 97096.466 97020.387 41 103.03382 97055.511 11 103.08487 103.16951 97007.446 96927.863 -19 103.13031 96964.706
11 102.98695 103.07542 97099.677 97016.340 3 103.03440 97054.964 12 103.08153 103.17357 97010.591 96924.044 14 103.13091 96964.145
12 102.98357 103.07979 97102.866 97012.227 78 103.03522 97054.194 13 103.07831 103.17762 97013.625 96920.243 -8 103.13156 96963.531
13 102.98017 103.08406 97106.070 97008.209 103.03595 97053.502 14 103.07506 103.18176 97016.679 96916.358 —40 103.13228 96962.853
14 102.97550 103.08859 97110.479 97003.946 103.03676 97052.741 15 103.07188 103.18589 97019.671 96912.473 -56 103.13304 96962.141
15 103.03759 97051.957 16 103.06875 103.18998 97022.617 96908.632 -30 103.13384 96961.385
17 103.06568 103.19417 97025.511 96904.702 -30 103.13468 96960.592
18 103.06260 103.19849 97028.409 96900.645 -9 103.13568 96959.659
19 103.05955 103.20280 97031.282 96896.593 13 103.13669 96958.706
20 103.05660 103.20716 97034.059 96892.506 5 103.13770 96957.754
21 103.05368 103.21153 97036.804 96888.399 56 103.13883 96956.691
22 103.05083 103.21594 97039.488 96884.260 =23
23 103.04801 103.22051 97042.147 96879.976 68
24 103.04519 103.22485 97044.804 96875.897 -5
25 103.04237 103.22958 97047.462 96871.456
26 103.03987 103.23396 97049.812 96867.351
27 103.03702 97052.493
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Table A.27. Measured transition wavelengths and wavenumbers of the =~ Table A.28. Measured transition wavelengths and wavenumbers of the
E'TI(v' =3)-X'Z*(v” =0) band for '>2C'°0, 2C70, and '2C80 (same E'TI( = 3)-X'Z*(” = 0) band for *C'®0, 3C70, and *C!0

column description as for Table A.19). (same column description as for Table A.19).
EMI(' =3)-X"=" (v =0) E'TI( =3)-X"=" (v =0)

T CTGO I.wCI(vO
J Ry (nm) Pp (m) [ Ry (em™) — Ppy(em™) op O (M) Oy (em™) J Rys (nm) P (m) [ Ry (em™) — Pplem™) — op O (M) Oy (em™)
0 101.08858 98923.141 =59 0 101.17336 98840.250 T
1 101.08548 98926.174 -34 101.09248 98919.326 1 101.17017 98843.366 13 10117705 98836.643
2 101.08256 10110025 98929.039 98911.724 53 101.09335 98918.475 2 101.16738 101.18465 98846.091 98829.220 ~14 10117774 98835.969
3 101.08020 101.10506 98931.341 98907.018 26 101.09455 98917.301 3 101.16489 101.18901 98848.525 98824.961 8 101.17884 98834.895
4 10107825 101.11017 98933.250 98902.019 3 101.09616 98915.725 4 101.16270 101.19369 98850.667 98820.391 -13 101.18003 98833.732
5 10107665 101.11562 98934.815 98896.689 33 101.09822 98913.710 5 101.16080 101.19877 98852.516 98815.430 11 101.18183 98831.974
6 10107544 10112148 98936.003 98890.958 41 10110069 98911.293 6 101.15927 101.20406 98854.014 98810.265 11 101.18372 98830.128
7 101.07469 101.12780 98936.739 98884.777 49 101.10362 98908.427 7 101.15821 101.20974 98855.048 98804.720 -30 101.18621 98827.696
8 101.07459 101.13446 98936.838 98878.266 -60 101.10695 98905.169 8 10115725 101.21573 98855.992 98798.872 31 101.18885 98825.118
9 101.07475 101.14158 98936.679 98871.305 —48 10111074 98901.462 9 10115683 101.22211 98856.401 98792.645 16 101.19200 98822041
10 101.07544 101.14911 98936.003 98863.945 -94 101.11499 98897.305 10 101.15720 101.22879 98856.039 98786.126 * 101.19548 98818.643
11 101.07630 10115715 98935.160 98856.087 -22 10111970 98892.698 11 101.15795 101.23586 98855.302 98779.227 * 10119927 98814.942
12 101.07785 101.16560 98933.644 98847.830 -36 101.12492 98887.594 12 10115914 101.24320 98854.145 98772.066 101.20345 98810.861
13 10107978 101.17446 98931.754 98839.173 47 101.13067 98881.971 13 101.16051 101.24981 98852.807 98765.617 101.20825 98806.174
14 101.08211 101.18383 98929.473 98830.021 * 101.13687 98875.909 14 101.16179 98851.554 101.21322 98801.323
15 101.08552 101.19378 98926.134 98820.303 0 101.14365 98869.281 15 101.16382 98849.572 101.21881 98795.866
16 101.08923 101.20415 98922.503 98810.177 31 101.15095 98862.146 16 101.16664 98846.813 101.22533 98789.503
17 101.09327 101.21512 98918.550 98799.468 * 101.15888 98854.396 17 101.16932 98844.197 101.23138 98783.599
18 101.09779 10122674 98914.131 98788.127 * 101.16739 98846.081 18 101.17231 98841.274 101.24046 98774.739
19 101.10357 101.23877 98908.472 98776.388 101.17658 98837.102 19 101.17528 98838.371
20 101.10950 101.25154 98902.677 98763.930 101.18636 98827.549 TCT0
21 10111626 98896.065 10119684 98817.315 0
2 101.20805 98806.370 1 101.13448 98878.242"
23 101.22003 98794.674 IEToliTe)
24 101.23283 98782.180 0 0127773 98733403 )
25 - 10124633 98769.012 1 101.27466 98741.379 1 10128135 98734.861

c’o 2 101.27178 101.28855 98744.187 98727.842 18 101.28187 98734.354

0 10113600 98876.756 2 3 101.26925 101.29258 98746.658 98723.914 -17 101.28267 98733.574
1 101.13290 98879.787 -16 101.13989 98872.957 4 101.26689 101.29690 98748.961 98719.704 1 101.28377 98732.502
2 101.13009 10114751 98882.538 98865.508 -8 101.14060 98872.263 5 101.26482 101.30146 98750.983 98715.260 -8 101.28509 98731.215
3 10112768 10115204 98884.898 98861.081 -20 101.14169 98871.197 6 101.26297 101.30630 98752.780 98710.544 11 101.28665 98729.694
4 10112550 10115691 98887.031 98856.321 -17 10114313 98869.790 7 101.26142 101.31137 98754.297 98705.604 8 101.28855 98727.842
5 101.12383 101.16214 98888.661 98851.211 17 101.14497 98867.991 8 101.26015 101.31673 98755.532 98700.382 2 101.29074 98725.708
6 101.12245 101.16763 98890.008 98845.846 -25 101.14724 98865.772 9 101.25917 101.32233 98756.487 98694.927 -3 101.29322 98723.291
7 101.12142 101.17370 98891.019 98839.916 -30 101.14978 98863.290 10 101.25848 101.32821 98757.161 98689.200 —11 101.29592 98720.659
8 101.12078 101.17990 98891.639 98833.859 83 101.15275 98860.387 11 101.25801 101.33438 98757.615 98683.191 3 101.29898 98717.677
9 10112077 101.18652 98891.648 98827.393 10115692 98856.312 12 101.25813 101.34083 98757.499 98676.910 # 101.30244 98714.305
10 101.12142 101.19378 98891.019 98820.303 101.16215 98851.201 13 10125864 101.34755 98757.004 98670.367 * 101.30596 98710.875
11 101.12294 98889.535 10116773 98845.749 14 101.25951 101.35460 98756.160 98663.504 * 101.31006 98706.881
12 101.12494 98887.576 10117359 98840.023 15 101.26078 101.36193 98754.922 98656.369 * 101.31444 98702.613
13 101.12675 98885.803 101.17997 98833.791 16 101.26242 101.36964 98753.321 98648.866 * 101.31912 98698.054
14 101.12915 98883.455 101.18654 98827.374 17 101.26433 101.37766 98751.456 98641.062 * 101.32420 98693.106
15 101.13187 98880.802 101.19376 98820.323 18 101.26639 101.38603 98749.448 98632.918 * 101.32965 98687.798
16 101.13448 98878.242 101.20130 98812.960 19 101.39478 98624.407 101.33550 98682.101

ZcFo 20 101.40394 98615.498 101.34180 98675.966
0 T0L.I8ITT 98832.677 T 21 101.41328 98606.415 101.34846 98669.482
1 10117796 98835.754 -81 101.18489 98828.985 22 101.35561 98662.521
2 10117514 10119236 98838.509 98821.690 3 101.18551 98828.380 23 10136318 98655.153
3 101.17264 101.19654 98840.951 98817.608 4 101.18649 98827.423 24 101.37144 98647.114
4 101.17044 101.20139 98843.101 98812.872 0 101.18782 98826.124
5 101.16857 101.20639 98844.928 98807.990 -8 101.18946 98824.522 0] : 1317 s dicats
6 101.16702 101.21168 98846.442 98802.826 24 10119144 98822.588 NOt.e_S' A small Slgnal for “C7O may be indicative of the Q-branch
7 101.16582 10121729 98847.615 98797.350 2 10119379 98820.293 position.
8 101.16497 10122330 98848.445 98791.484 -4 101.19656 98817.588
9 101.16445 101.22955 98848.953 98785.384 14 101.19953 98814.688
10 101.16440 101.23618 98849.002 98778.915 -25 10120292 98811.378
11 101.16463 101.24319 98848.777 98772.075 -73 101.20678 98807.610
12 101.16505 101.25055 98848.367 98764.896 101.21085 98803.636
13 101.16650 101.25817 98846.950 98757.462 101.21547 98799.126
14 101.16820 98845.289 101.22059 98794.127
15 101.16989 98843.638
16 101.17207 98841.508
17 101.17424 98839.388
18 10117702 98836.673
19 101.17967 98834.084
20 101.18946 98824.522
21 101.18255 98831.271
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Table A.32. Molecular constants T,(1), ¢,, and gp, of the six CO  Table A.33. Molecular constants g, and gp, of the six CO isotopologues
isotopologues for the E'II state, calculated from the previous table:  for the E'II state, obtained from a second-order regression through the

T,(J=1) is the average of T, for e- and f-parity, g,=B, — By, and  data.
4Dy =DL, - D/'.
Species || N 9o gpy (x107%)

Species T,(1) 9o qpy (x107%) E00

E00 1216 29  0.01173(9) 0.10(12)
1216 92929.9338(47)  0.01186(3) —0.06(4) 1217 26 0.01082(21) 0.61(31)
1217 92929.6856(53)  0.01092(5) 0.50(10) 1218 26 0.01084(10)  -0.27(15)
1218 92929.5521(44)  0.01080(4) —0.12(6) 1316 25 0.01107(19)  —0.54(32)
1316 92929.7509(41)  0.01093(3) -0.24(5) 1317
1317 92929.4750(87) 1318 26 0.01112(35)  —2.41(53)
1318 92929.3180(66)  0.01043(4) -1.27(6) E10

E10 1216 21 0.01133(29) 0.55(67)
1216 95082.7873(341)  0.01211(22)  —0.43(36) 1217 18 0.00848(60)  2.75(183)
1217 95055.9591(248) 0.00757(32)  5.84(86) 1218 22 0.01025(37) 0.23(76)
1218 95031.9981(348) 0.00914(28)  1.90(47) 1316 22 0.01140(208)  —1.13(434)
1316 95035.8134(1433) 0.01222(67)  —1.32(63) 1317 22 0.00996(15)  —0.21(32)
1317 95008.5968(218)  0.00942(17)  0.58(27) 1318 22 0.00943(36) 0.13(74)
1318 94984.0666(1264) 0.00900(57)  —2.34(79) E20

£20 1216 23 0.01108(20) 0.09(38)
1216 97153.8909(51)  0.01119(6)  —0.09(11) 1217 12 0.01128(185)  —4.08(1198)
1217 97103.6839(125)  0.01151(65)  —6.12(617) 1218 14 0.00967(67)  0.33(328)
1218 97058.4695(44)  0.00997(20)  3.38(176) 1316 21 0.00998(14) 0.51(25)
1316 97066.0606(47)  0.01012(6) 0.12(16) 1317
1317 1318 21 0.00947(10)  —0.80(23)
1318 96967.8012(29)  0.00940(4)  —0.63(11) E30

E30 1216 22 0.00832(38) 4.11(79)
1216 98919.6966(210)  0.00865(30)  3.04(78) 1217 8 0.00842(183) 14.69(2463)
1217 98873.3328(243) 0.00842(177) 14.65(2376) 12138 11 0.00958(104)  —6.38(793)
1218 98829.3377(197)  0.00894(75) —0.93(537) 1316 13 0.00792(96)  5.96(279)
1316 98836.9001(338) 0.01193(156) —26.64(1323) 1317
1317 1318 12 0.00832(76)  3.05(494)
1318 98735.1112(120)  0.00832(42)  3.01(275)

Notes. The standard errors, in parentheses, are expressed in units of the

Notes. The standard errors, in parentheses, are expressed in units of the ~ l€ast significant digit. N is the number of data.

least significant digit.
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Fig. A.38. Trend comparison for the six CO isotopologues. Left: term value differences between '°O- and '3O-bearing isotopologues for '>C and
13C (dotted and solid lines, respectively) versus the B, C, and E states. Right: T, versus v’ for the B, C, and E states (each datapoint contains up to
six isotopologues). For each state, a linear fit is drawn through all isotopologues.
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Fig. A.39. Molecular constants for the six CO isotopologues. Top row: By and D, for v”” =0 of the X'Z* ground state (T, =0 for all). The standard
deviation (at 20) is shown between two short horizontal bars. For Ty, all values are in cm™, with & values indicating the local spacing between
ticks.
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