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HIGHLIGHTS

e VUV-FT and VIS-FT complementary,
high-resolution techniques were used
for registration of 5 ro-vibronic bands in
12C180.

e The deperturbation analysis of the
ATI(v = 3) level in 2C'®0 based on 571
line frequencies was performed.

e A significant, indirect a’ll(v = 14) ~
e’S " (v=6) ~ AlMI(v = 3) and a®st (v =
14) ~ A'lIy = 3) ~ T (v = 6) in-
fluences were detected.

e Within the '*C'®0 A'TI(v = 3) level, 5
newly observed spin—orbit and rotation-
electronic interactions were analysed.

e 112 ro-vibronic term values of the
AMI(V = 3, Jpax = 55), a°TH(v = 13),
D!'A(v = 4) and I'S (v = 5) levels were
determined..
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ABSTRACT

Research on '2C!80 was carried out using two complementary Fourier-transform methods: (1) vacuum-
ultraviolet absorption spectroscopy, with an accuracy ca. 0.03 cm™! on the DESIRS beamline (SOLEIL syn-
chrotron) and (2) visible emission spectroscopy with an accuracy of about 0.005-0.007 cm™* by means of the
Bruker IFS 125HR spectrometer (University of Rzeszéw). The maximum rotational quantum number of the
energy levels involved in the observed spectral lines was Jmax = 54. An effective Hamiltonian and the term-value
fitting approach were implemented for the precise analysis of the A'TI(v = 3) level in '2C'®0. It was performed by
means of the PGOPHER code. The data set consisted of 571 spectral lines belonging to the Alll - X12+(3, 0),
Blxt- A1H(0, 3), clzt. A1H(0, 3) bands and several lines involving states that perturb the AIH(V = 3) level as
well as to the previously analysed B'=" - X!£7(0, 0) and C'=* - X}£7(0, 0) transitions. A significantly extended
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quantum-mechanical description of the ATI(v = 3) level in '2C'®0 was provided. It consists of the 5 new
unimolecular interactions of the spin-orbit and rotation-electronic nature, which had not been taken into ac-
count previously in the literature. The ro-vibronic term values of the AIH(V =3, Jmax = 55), a'32+(v =13), DA
= 4) and I'S"(v = 5) levels were determined with precision improved by a factor of 10 relative to the previously

known values.

1. Introduction

The carbon monoxide (CO) molecule is the second-most abundant
interstellar molecule after molecular hydrogen. However, because H is
difficult to observe directly, carbon monoxide is used as a tracer of it [1]
and other molecular gases in molecular clouds [2], protoplanetary disks
[3] and galaxies [4]. In the interstellar medium (ISM), CO is a precursor
to the formation of polyatomic molecules [5], which dominate and
control many chemical reactions in gas phase processes [6]. CO has been
observed in the spectra of galaxies [7,8], comets [9], inter-galactic
molecular clouds [10], the Sun [11], and also in the atmospheres of
planets [12,13] and exoplanets [14]. CO has also been used as a probe to
look for variability in fundamental constants in the early Universe
[15-18], study of the physical conditions of the nebulae gases via the
electronic transitions (e.g. A'TT-X'=*tin p-Ophiuchi, [19-21], as well as
in creating models of aurora and airglow emission from planetary at-
mospheres (e.g. in the upper atmosphere of Venus [22]). Because of the
demand for ultra-accurate standards for the models of the Earth’s at-
mosphere, the abundance of the CO molecule plays an important role in
modelling the processes taking place there [23-25].

Due to the occurrence of perturbations resulting from spin-orbit and
L - uncoupling interactions, the effects of centrifugal distortion, as well
as the mixing with highly-excited Rydberg states, carbon monoxide
plays a significant role in modelling unimolecular dynamics [26-32].
The first excited singlet electronic state of CO (All'I) is among the most
interesting due to the numerous multistate perturbations that appear
within it. These perturbations are caused by the ro-vibrational levels of
the €337, a®st, d3A triplet states and the 'S~ and D'A singlet states
[33-36] as well as indirectly by the a’Il state [37,38].

In the rare 12C'80 isotopologue, the deperturbation analyses of the
ATl state were performed by Haridass et al. [39], Beaty et al. [40],
Trivikram et al. [41], and Malicka et al. [37,42]. Haridass et al. [39]
conducted an analysis for the A(v = 1 and 2) levels based on measure-
ments of the Al - X!=* system with an accuracy of 0.1 cm™!,using a
grating 10.6 m vacuum spectrograph, whereas Beaty et al. [40] carried
out a deperturbation analysis for the A(v = 0-9) levels using the su-
personic jet expansion technique for determination of the A'IT- X'zt
bands, at an accuracy of 0.05-0.2 cm ™. In these two analyses, only the
strongest unimolecular interactions had been considered. We performed
an extended deperturbation analysis of the A'II state in 2C'®0 based on
the A'IT-X's*, B'=*- A'l, C'=*- AlM, B'=T-X'2T and Gzt - X'TT
systems using several different combinations of modern spectroscopic
techniques: two-photon Doppler-free laser methodology (LaserLab
Amsterdam), vacuum ultraviolet Fourier-transform spectroscopy (VUV-
FTS) based on synchrotron radiation (DESIRS beamline, SOLEIL syn-
chrotron), and visible Fourier-transform spectroscopy (Vis-FTS) using a
Bruker IFS-125HR spectrometer (Rzeszéw University) with accuracy of
about 0.001 cm™?, 0.01 and 0.005 cm ™7, respectively. The new results
have provided a significantly improved description of the A'I(v = 0 - 2)
levels and its perturbers in 2C1%0 together with their complex web of
unimolecular interactions [37,41,42].

The deperturbation analysis of the A1H(V = 3) level in 12¢180 had
been carried out only by Beaty et al. [40] so far. The results reported
there are limited due to the use of spectra with an accuracy of 0.05-0.2
cm ! and observed rotational levels only up to Jimax = 22, and included a
deperturbation analysis of only four perturbation mechanisms, i.e.
A = 3) ~ [2°2t(v = 13), E*A(v = 8), e*2 (v = 5) and D' A(v = 4)],
which, moreover, were represented by the non-fitted parameters. The

current work focuses on the first complete, high-accuracy deperturba-
tion analysis of the ATy = 3) level of 12CwO, based on high-resolution
spectra obtained from a combination of the VUV-FTS and Vis-FTS
techniques. Our goal is to provide: (i) a significantly extended,
improved and comprehensive set of the deperturbed molecular con-
stants; (ii) perturbation parameters; and (iii) ro-vibronic term values of
2¢180 Alliy = 3); (iv) and a comparison to those published in
Ref. [40]. This research is a part of our team project [34-38,41-44] on a
current state-of-the-art treatment of perturbations that affect the ATI
state of all CO isotopologues.

2. Experimental procedures
2.1. VUV-FT absorption spectroscopy (SOLEIL synchrotron)
The VUV absorption spectrum has been recorded using the VUV-FTS

permanent end-station on the DESIRS beamline at the synchrotron
SOLEIL facility [45,46]. The instrument has been fully described
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Fig. 1. Experimental spectra of the ATl — X'=*(3, 0) band with the a®*z* -
X's*(13, 0) and I'S™ - X'=%(5, 0) extra-lines of 2C'80 after baseline lineari-
zation and additional zero padding (lower, black traces in figure (a) and (b)).
They were obtained by means of VUV-FT spectroscopy technique for two
different pressures of the gas mixture. The upper, green trace presents the
simulated spectrum plotted on the basis of a final deperturbation analysis using
the PGOPHER software [68]. The remaining bands were considered as
contaminations.
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Table 1
Wavenumbers (in cm™?) of the AT « X'=*(3, 0), VUV-FT absorption band of 2C'80® "¢,

J" RWU" Q" P@J")

c u(o)” c u(o)” c u(o)”
0 68,999.17" 0.03
1 69,001.33" 0.04 68,995.49" 0.03
2 69,002.80" 0.04 68,994.03 0.03 68,988.16" 0.04
3 69,003.52" 0.03 68,991.81" 0.03 68,983.06" 0.06
4 69,003.50" 0.03 68,988.87" 0.03 68,977.14" 0.05
5 69,002.75" 0.03 68,985.18 0.03 68,970.59" 0.03
6 69,001.26" 0.03 68,980.77 0.03 68,963.24" 0.03
7 68,999.00" 0.03 68,975.62" 0.03 68,955.12" 0.03
8 68,996.05" 0.03 68,969.73" 0.03 68,946.32 0.03
9 68,992.33" 0.03 68,963.07" 0.03 68,936.79 0.03
10 68,987.88" 0.03 68,955.73" 0.03 68,926.51" 0.03
11 68,982.72" 0.03 68,947.63 0.03 68,915.49 0.03
12 68,976.76" 0.03 68,938.79 0.03 68,903.73 0.03
13 68,970.12° 0.03 68,929.21 0.03 68,891.24" 0.03
14 68,962.67" 0.03 68,918.88 0.03 68,878.03" 0.03
15 68,954.53" 0.03 68,907.81 0.03 68,864.01" 0.03
16 68,945.62 0.03 68,896.01 0.03 68,849.33" 0.03
17 68,935.95 0.03 68,883.44 0.03 68,833.88 0.03
18 68,925.52 0.03 68,870.08 0.03 68,817.68 0.03
19 68,914.30 0.03 68,855.82 0.03 68,800.75 0.03
20 68,902.18 0.03 68,844.16 0.03 68,783.04 0.03
21 68,888.31 0.03 68,826.51 0.03 68,764.54 0.03
22 68,878.31" 0.03 68,810.03 0.03 68,745.16 0.03
23 68,863.40" 0.03 68,792.92 0.03 68,724.02° 0.03
24 68,848.35 0.03 68,775.03 0.03 68,706.75 0.03
25 68,832.64 0.03 68,755.78 0.03 68,684.63 0.03
26 68,816.25 0.03 68,738.34 0.03 68,662.32 0.03
27 68,799.13 0.03 68,717.97 0.03 68,639.39 0.04
28 68,781.26 0.03 68,697.14 0.03 68,615.77 0.04
29 68,762.67 0.03 68,675.65 0.03 68,591.42 0.04
30 68,743.27" 0.04 68,653.41 0.04 68,566.34 0.04
31 68,723.15" 0.05 68,630.43 0.04 68,540.52 0.04
32 68,702.25 0.03 68,606.71 0.04 68,513.95 0.04
33 68,680.76 0.03 68,582.22 0.04 68,486.64 0.04
34 68,658.28 0.04 68,557.12 0.04 68,458.57 0.04
35 68,635.11 0.04 68,531.07 0.04 68,429.89 0.04
36 68,611.20 0.04 68,504.33 0.04 68,400.27 0.04
37 68,586.51 0.04 68,476.82 0.04 68,369.95 0.04
38 68,561.06 0.04 68,448.56 0.04 68,338.88 0.04
39 68,534.83 0.04 68,419.53 0.04 68,307.07 0.04
40 68,507.83 0.04 68,389.70 0.04 68,274.49 0.04
41 68,480.04 0.04 68,360.72 0.04 68,241.15 0.04
42 68,451.48 0.04 68,328.03 0.04 68,207.06" 0.04
43 68,422.09 0.04 68,295.90 0.04 68,172.18 0.04
44 68,391.80 0.04 68,263.00 0.04 68,136.54" 0.04
45 d 68,229.35" 0.04 68,100.09 0.04
46 68,331.04 0.04 68,194.88" 0.04 68,062.74" 0.04
47 68,297.76 0.04 68,159.59" 0.04 d
48 68,264.26" 0.07 68,123.32" 0.06 67,987.90" 0.08
49 68,230.1" 0.2 68,085.15 0.04 67,947.6"" 0.4
50 - 0.07 ¢ 67,907.09 0.07
51 - 68,012.86" 0.07 67,865.99 0.06
52 ¢ 67,973.24 0.07
53 - 67,933.1"" 0.5
54 68,049.03 0.05 67,893.67 0.09

2 The instrumental resolution was 0.27 cm™'. The absolute calibration uncertainty was 0.03 cm ™. The absolute accuracy of the wavenumber measurements was

estimated to be 0.03 cm ™.

> The lines marked b and/or w are blended and/or weak (SNR < 3).

¢ One standard deviation u(c) represents combinations of the calibration and fitting errors of the wavenumber measurements.
d Unfitted because of a rapid, critical decrease of the line intensity, which is caused by the multi-state A(3) ~ e(6), a(14) ~ e(6) and a(14) ~ e(6) ~ A(3) per-

turbations at J = 46-47.

¢ Unfitted because of a decrease of the line intensity, which is caused by the multi-state A(3) ~ [e(6), a'(14)] and a'(14) ~ A(3) ~ e(6) perturbations at J = 50 and

52-53 for the f- and e-parity levels, respectively.

previously [37,38,41,42]. We will only present here the technical details
relevant for this article. The VUV-FTS instrument allows extension of the
FTS technique into the far VUV, by exploiting an all-reflective interfer-
ometer design. The instrumental resolution was set to ca. 0.27 cm™! to
be comparable to the Doppler width of the measured lines. A 40 cm long
windowless absorption cell is heated in-vacuum by a commercial heat-
ing element (Thermocoax) [47]. Temperature regulation is based on a

signal from a thermocouple connected at one end of the cell. The
maximum achievable temperature is ~ 900 K [47]. The gas flow is
controlled by a needle valve adjustment of the CO column density. The
synchrotron beam (bandwidth AE/E = 7 %) is reflected towards the
VUV-FTS experimental branch, passes through the absorption cell before
entering the spectrometer. The VUV spectra of the 12G!80 AT - X'=*(3,
0) band were obtained at pressures of 0.033 and 0.43 mbar and
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Table 2

Wavenumbers (in cm ™) of the interaction-induced lines observed in the Al « X!'=* (3, 0), VUV-FT absorption band of 12¢180 b
J "Rotee PQuife 1Qufe "Qs1fe PP21ce

o u(o—)d o u((r)d o u(zr)d o u(zr)d o u((r)d

a’zt-x'zt (13, 0)
19 68,873.87 0.04
20 68,927.65 0.04 68,838.12 0.04
21 68,899.03 0.04 68,806.20h 0.04 68,806.041’ 0.04
22 68,864.25" 0.04 68,770.64" 0.04
23 68,734.74 0.04
24 68,692.72 0.04
26 68,725.20 0.04
27 68,686.52" 0.06
'z -x'zt (5, 0)
41 68,357.40 0.04

2 The instrumental resolution was 0.27 cm~'. The absolute calibration uncertainty was 0.03 cm™~'. The absolute accuracy of the wavenumber measurements was

estimated to be 0.03 cm ™.

> The lines marked b and/or w are blended and/or weak (SNR < 3).

¢ The superscripts p, g, and r denote change in the total angular momentum excluding spin.
4 One standard deviation representing combinations of the calibration and fitting errors of the wavenumber measurements.
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Fig. 2. Experimental spectrum of the '2G'®0 B!'=" - ATI(0, 3) band with the
12¢180 Bzt - DA(0, 4) and B'=™ - a®E*(0, 13) extra-lines recorded by means
of Vis-FT spectroscopy technique (upper, black trace) as well as the simulated
one plotted on the basis of the final deperturbation analysis using the PGOPHER
software [68] (lower, green trace).

temperature of 596 K, corresponding to measured column densities of 4
x 10'*and 8 x 10™® cm 2, up to Jyqx = 34 and 54, respectively. The best
SNR was 115:1 and 280:1 for the lower and higher pressures of the
12180 gas. In order to analyse the spectra: (i) the spectra were line-
arised using a concave rubberband method [48]; and (ii) an additional
zero-filling procedure with a factor of 4 was applied [49]. The spectra
are presented in Fig. 1. Absolute frequency calibration was made uni-
formly to all measured spectra with 0.03 em™! uncertainty (1o), as
described by Malicka et al. [37,42]. The wavenumbers are collected in
Table 1, and the wavenumbers of the lines involving states that perturb
the ATI(v = 3) level (the so-called “extra-lines™) are listed in Table 2.
The absolute accuracy of the wavenumber measurements was estimated
to be ca. 0.03 cm™?

2.2. Vis-FT emission spectroscopy (University of Rzeszow)

The B'=*- A'TI(0, 3) and C'=* - A'TI(0, 3) emission bands of '2C'®0

in the visible wavelength region, together with their extra-lines, were
recorded using a 1.71-m Bruker spectrometer (IFS 125HR), located in
the Materials Spectroscopy Laboratory (University of Rzeszéw). The
experimental setup has been described in detail elsewhere [37,41,42]
and is discussed briefly here. The FT spectrometer was operated under
vacuum (p < 0.01 mbar). An external source of the spectra consisted of
an air-cooled, hollow-cathode (HC) lamp filled with a static 180, gasata
pressure of about 3 mbar. The 180, gas was provided by Sigma-Aldrich
(spectral purity: 98.1 % of 80, and 1.9 % of 160,). During the electric
discharge process (780 V and 54 mA DC) [44,50,51], the Oy molecules
react with the '2C atoms ejected from a drilled carbon filler placed inside
the cathode, thus forming the 12C'®0 molecules in the plasma. In the
obtained spectrum, 2C'°0 spectral lines appeared as well, which were
treated as contaminants in the analysis process.

The B'=*-AlM(0, 3) and C!T*-AlMI(0, 3) spectra of '2C'%0,
respectively in the range of 17,900-18,700 cm~! and 22,900-23,500
em ™! were accumulated over 128 scans with a spectral resolution of
0.018 cm™L. The spectra are presented in Figs. 2-3. The SNR was 80: 1
and 20: 1 for the B'=* - A'TI(0, 3) and C!=* - ATI(0, 3) bands, respec-
tively. The temperature of the DC-plasma was estimated to be 1100(50)
K, which made it possible to observe spectral lines associated with
rotational levels up to Jyq = 40 for the B'E* - A'TI(0, 3) band and Jyqe
= 34 for the ClT* - All'I(O, 3) band. The spectra were calibrated with
0.004 cm™! uncertainty (1) using the 633 nm line of an internal
frequency-stabilised (+3.3010° cm™!/hour) HeNe laser. The laser line
had been previously calibrated in a separate procedure using the NyO
absorption spectra of the mid infrared region (2200 em~! [52]) ac-
cording to a procedure described in Ref. [53]. The absolute accuracy of
the wavenumber measurements was estimated to be 0.005 cm™! and
0.007 cm™! for single, medium-strong lines, while for weak and/or
blended lines 0.006 cm ™! and 0.02 em™! for the B!=* - ATI(0, 3) and
clxt- AIH(O, 3) bands, respectively. The wavenumbers of the bands are
collected in Table 3 and Table 4, and the extra-lines are listed in Table 5.

3. Deperturbation analysis
3.1. Procedures
The multi-state perturbations of the CO A'Il state are caused directly

by the ro-vibrational levels of the e3Z’, a'3>:+, A triplet states and the
I'=~ and D'A singlet states [33-36] and indirectly by the a®I state
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Fig. 3. Experimental spectrum of the 12¢180 cls* - A0, 3) band with the
12¢180 ¢ly* - a®st(0, 13) extra-lines recorded by Vis-FT spectroscopy tech-
nique (upper, black trace) as well as the simulated one plotted on the basis of
the final deperturbation analysis using the PGOPHER software [68] (lower,
green trace).

[37,38]. In order to study the All'l(v = 3) level of the 12¢180 jgo-
topologue, several steps were taken. High-accuracy experimental data
consisting of 389 high-resolution transitions derived from 3 bands and
their extra-lines were obtained using: (i) VUV-FTS, AT - X12+(3, 0)
band and (ii) Vis-FT spectroscopy, the B!=* - ATI(0, 3) and C!=*-
All'I(O, 3) bands. Based on literature [54-66], an energy level diagram of
the neighbourhood (69,000-72,500 em™) of the ATI(v = 3) level has
been constructed in order to identify the levels possibly capable of
perturbing this level. The diagram is presented in Fig. 4. In addition to
the high-resolution lines obtained in this investigation, 182 high-
accuracy transitions belonging to the B!S*-X's*(0, 0) and C'=* -
x'2*(0, 0) bands were obtained by the VUV-FTS experiment by Triv-
ikram et al. [41] and Malicka et al. [42]. These lines were also intro-
duced into the analysis. An experimental data set, consisting of a total of
571 high-resolution transitions, was used in the deperturbation analysis
of the A'TI(v = 3) level in '%C'®0.

The deperturbation analysis was performed using an extended
version of the PGOPHER program [67,68]. The All'I(v = 3) level and its
perturbers were represented in the model by the effective Hamiltonian,
while the BIS(v = 0) and C'=*(v = 0) levels were represented by their
rotational term values. Details of this, the so called “term-value fitting
approach”, were used because of the currently unresolved issue of
several very weak perturbations in the B and C Rydberg states.
Description of the term value determination procedure can be found in
Refs. [69-72]. The initial set of molecular constants, including the pa-
rameters of the ATI(v = 3) level and its perturbers, obtained in Refs.
[57,59,61,73,74], was used. The initial values of the perturbation pa-
rameters have been calculated in this work based on Refs.
[34,36,57,59,73,75]. In a situation where an interaction parameter
turned out to be significant for the fit, but correlated with other
parameter(s) and/or statistically undetermined, its value was kept fixed.
The accuracy of the fitted parameters was tested in the way described in
detail in Ref. [38] (as a footnote of Table 8). During the current deper-
turbation analysis, 42 interactions (type of spin-orbit, spin-electronic
and rotation-electronic of the L-uncoupling type) were treated, 9 were
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included and 4 were varied. Details can be found in Table 6. The mo-
lecular constants of the 2C'80 X(v = 0) ground state were fixed at the
values determined by Coxon and Hajigeorgiou [58]. Rotational term
values of the B!Z*(v = 0) and C1X(v = 0) levels were fixed in the fit at
the values determined by Malicka et al. [42].

The deperturbation analysis resulted in 13 independent fitted pa-
rameters: 9 deperturbed molecular constants of the ATI(v = 3), %zt (v
=13), DA = 4) and I'X (v = 5) levels; 2 spin-orbit interaction pa-
rameters of the All'[(v =3)~ [e327(v =6), a'32+(v = 13)] perturbations,
and 2 rotation-electronic (L - uncoupling) interaction parameters of
All'[(v =3) ~ [112’(1/ = 5), DlA(v = 4)]. The rotation-electronic in-
teractions are described with the symbol & [34,35,42]. The spin-orbit
and spin-electronic interaction parameters are expressed by the same
symbol 5, because both of them have the same £2-dependence and it is
not possible to determine them separately, thus the 54— 4. parameter is
a linear combination both of these interactions. All of the 13 fitted and
49 fixed molecular parameters, found to be meaningful in the final
deperturbation fit, are listed in Table 7. During the fits, the correlations
between the parameters were fully examined, based on the correlation
matrix. The root-mean-square error (RMSE) of the unweighted residuals
of all transitions included in the final model was 0.015 cm ™. This value
is within the arithmetic mean of the line position uncertainty medians in
the individual bands used in the analysis (0.0043 em™! for B- A(0, 3),
0.0092 cm ™! for C - A(0, 3), 0.03 cm ™ for A - X(3, 0), 0.01 cm ™" for B -
X(0, 0), and 0.01 em™! for C- X(0, 0)), thus the model is statistically
satisfactory. Full details of the final deperturbation analysis can be found
in the output (*.log) file of the PGOPHER program attached as supple-
mentary material no. 1.

The unimolecular interactions can be also expressed by described
fractional characters of the ATI(v = 3), My = 14), e’> (v = 6) and
a®s*(v = 14) of the ro-vibrational e- and f- symmetry levels of their
perturbers. The fractional characters of the analysed levels are shown in
Figs. 5 and 6. The admixture of character is a percentage C% e 100%,
where Cy = (®k|¥;) is the mixing coefficient extracted from the eigen-
vectors of the diagonalised energy matrix in the final fit of the deper-
turbation analysis.

The experiment-based, ro-vibronic term values of the A1H(V = 3),
arty = 13), D'A(W = 4), and I'S (v = 5) levels were determined and
are presented in Table 8 and 9 together with their fractional T char-
acters. The reduced term values were calculated and highlighted in
Fig. 7.

Copies of the Tables 1, 3, 4, 8 and 9 in ASCII format are included in
the supplementary material no. 2.

3.2. Indirect interactions among the n*on* and °¢x* configurations of
Cco

The big picture of the perturbations of the (z*s7*) AT and a°M states
by the #PPn®) a‘32+, e32’, d3A, I's7, and D'A states has been well
known for more than 50 years [33,57,59,61,66,73-77]. All of the matrix
elements between the (a and A) and the (a’, e, d, I, and D) states are
described by the product of a calculable vibrational integral and an
electronic orbital integral [33]. Spectroscopic and molecular source
technologies have improved by several orders of magnitude. Resolution,
precision, and range of J levels have made it possible to reexamine all of
the old spectra for new classes of perturbation interactions [59].
Improved sensitivity has made it possible to record spectra of all six
combinations of '2C, 13c, 10, 170, and %0 isotopes. Classes of pertur-
bation that were too weak or poorly sampled can now be observed with
redundancy and sensitivity [34-38,41-47]. Foremost among these are
indirect interactions between the a and A states mediated by the a’, e, d,
I, and D states and between the a’, e. d, [, and D states mediated by the a
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Table 3
Wavenumbers (in cm™!) of the 12C'®0 B!=* — A'TI(0, 3), Vis-FT emission band
of 12¢180) ab.c
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Table 4

Wavenumbers (in cm™!) of the C'=* — A'TI(0, 3), Vis-FT emission band of
12C180.u,b,c

J" RU") QU P(J") J" RUJ" QU PJ"

c u(o) c u(o) c u(o) c u(o)” c u(o)” c u(o)”
1 17,928.68" 0.03 17,921.257 0.005  17,917.55" 0.02 1 22,923.37>%  0.05
2 17,933.96" 0.01 17,922.822 0.005  17,915.403°  0.008 2 22,924.96™"  0.03 22,917.53""  0.04
3 17,940.022°  0.007  17,925.182 0.005  17,914.050 0.005 3 22,942.07 0.02 22,927.27" 0.02 22,916.17 0.02
4 17,946.873°  0.006  17,928.321 0.005  17,913.479 0.005 4 22,948.89" 0.03 22,930.378 0.007  22,915.58" 0.02
5 17,954.504 0.005  17,932.247 0.005  17,913.694 0.005 5 22,956.48 0.01 22,934.266 0.007  22,915.74" 0.03
6 17,962.923"  0.005  17,936.957 0.005  17,914.696°  0.005 6 22,964.84 0.01 22,938.928"  0.009  22,916.708 0.009
7 17,972.123°  0.005  17,942.453 0.005  17,916.483 0.005 7 22,973.98" 0.02 22,944.368 0.006  22,918.45" 0.02
8 17,982.110 0.005  17,948.734 0.005  17,919.056 0.005 8 22,983.894 0.008  22,950.585 0.005  22,920.970 0.007
9 17,992.876 0.005  17,955.799 0.005  17,922.417°  0.005 9 22,994.589 0.008  22,957.580 0.005  22,924.268 0.006
10 18,004.432 0.005  17,963.650 0.005  17,926.563 0.005 10 23,006.06" 0.02 22,965.351°  0.007  22,928.348 0.006
11 18,016.763 0.005  17,972.287°  0.005  17,931.497 0.005 11 23,018.30" 0.02 22,973.907°  0.007  22,933.202 0.006
12 18,029.894 0.005  17,981.704 0.005  17,937.219°  0.005 12 23,031.32° 0.02 22,983.237°  0.006  22,938.834"  0.009
13 18,043.807°  0.005  17,991.923 0.005  17,943.721°  0.005 13 23,045.12" 0.02 22,993.350 0.005  22,945.254 0.006
14 18,058.499 0.005  18,002.930 0.005  17,951.030 0.005 14 23,059.703 0.008  23,004.243 0.005  22,952.462°  0.008
15  18,073.979 0.005  18,014.719”  0.005  17,959.128 0.005 15 23,075.059 0.008  23,015.921 0.005  22,960.443 0.006
16  18,090.239 0.005  18,027.295 0.005  17,968.002 0.005 16  23,091.198 0.008  23,028.378 0.005  22,969.202 0.006
17 18,107.306 0.005  18,040.694 0.005  17,977.689 0.005 17 23,108.131 0.008  23,041.650 0.005  22,978.772 0.006
18 18,125.162 0.005  18,054.915 0.005  17,988.172 0.005 18 23,125.843 0.009  23,055.740 0.005  22,989.13" 0.01
19  18,143.826"  0.005  18,070.092 0.005  17,999.467 0.005 19 23,144.366 0.009  23,070.774 0.006  23,000.287 0.007
20  18,163.328 0.005  18,082.720"  0.005  18,011.605 0.005 20  23,163.72" 0.02 23,083.259 0.007  23,012.291 0.007
21  18,183.771 0.005  18,101.366 0.005  18,024.692 0.005 21  23,184.01 0.01 23,101.754 0.006  23,025.230 0.007
22 18,206.004°  0.006  18,118.894 0.005  18,039.571 0.005 22 23,206.07" 0.03 23,119.127 0.006  23,039.959 0.008
23 18,224.421 0.005  18,137.101 0.005  18,050.637°  0.005 23 23,224.32" 0.03 23,137.169°  0.009  23,050.872 0.008
24 18,247.743"  0.006  18,156.144 0.005  18,066.627°  0.005 24 23,247.47° 0.03 23,156.04" 0.02 23,066.70" 0.02
25  18,271.271 0.005  18,176.571 0.005  18,082.833"  0.005 25  23,270.83"% 0.03 23,176.29" 0.02 23,082.730 0.008
26  18,295.471°  0.006  18,195.242°  0.005  18,099.703 0.005 26 23,294.85°% 0.03 23,194.802 0.007  23,099.44" 0.02
27  18,320.412°  0.006  18,216.895 0.005  18,117.332°  0.006 27  23,319.60" 0.02 23,216.273 0.009  23,116.87" 0.02
28  18,346.129 0.005  18,239.029 0.005  18,135.737 0.005 28 23,345.13"" 0.05 23,238.24" 0.02 23,135.11>"  0.03
29  18,372.617 0.005  18,261.904 0.005  18,154.921°  0.007 29 23,371.43% 0.03 23,260.90" 0.04 23,154.12% 0.02
30  18,399.887 0.004  18,285.546 0.005  18,174.909 0.005 30  23,398.515" 0.004  23,284.36" 0.03 23,173.92>%  0.04
31 18,427.942 0.004  18,309.971 0.005  18,195.688°  0.007 31 23,426.367™"  0.004  23,308.60" 0.03 23,194.51>"  0.03
32 18,456.785 0.004  18,335.188 0.005  18,217.259 0.005 32 23,333.62" 0.02 23,215.88% 0.03
33 18,486.412 0.004  18,361.211 0.005  18,239.646°  0.008 33 23,359.45" 0.02 23,238.08"%  0.03
34  18,516.733 0.004  18,387.858 0.005  18,262.683 0.006 34 23,385.93" 0.03 23,260.90>"  0.07

35  18,548.005°  0.004
36 18,580.032 0.004

18,415.555 0.006
18,443.950 0.006

18,286.696 0.007
18,311.507 0.008

37  18,612.82° 0.03 18,473.152 0.006  18,337.08" 0.02
38  18,646.42>"  0.08 18,503.144 0.007  18,363.47" 0.02
39 18,533.956 0.008  18,390.65 0.02
40 18,565.60™%  0.05 18,418.66" 0.03

2 The instrumental resolution was 0.018 cm™!. The estimated absolute cali-
bration uncertainty was 0.004 cm ™. The absolute accuracy of the wavenumber
measurements was estimated to be 0.005 cm ™.

b The lines marked b and/or w are blended, and/or weak (SNR < 3).

¢ One standard deviation u(c) represents combinations of the calibration and
fitting errors of the wavenumber measurements.

and A states. All of the direct interaction vibrational factors for all of the
intra-configuration interactions are prohibitively small, as expected for
Av # 0 interactions between states that belong to the same electronic
configuration. Almost all of the interaction matrix elements for the inter-
configuration interactions have been known for many years
[33,57,59,61,66,73-75]. This sets the stage for the present results for
observations of, among others, indirect intra-configurational in-
teractions in CO mediated by known direct inter-configurational
interactions.

The current deperturbation analysis revealed 2 well determined in-
direct perturbations, i.e. AlT(=3) ~ 32~ (v = 6) ~ a°TI(y = 14), where
es " (v=6)isan mediating level at J = 46-47 as well as a®rtv=14) ~
Ay =3) ~ 33 (v = 6), where AMI(v = 3) mediates the interaction
between a' and e states for J = 50-53. Both of these cases are discussed
below.

As for the direct s-o interaction between A'TI(v = 3) and a3l'I(v =14),
it is formally allowed, nevertheless, because of the small value of the

2 The instrumental resolution was 0.018 cm™'. The estimated absolute cali-
bration uncertainty was 0.004 cm ™. The absolute accuracy of the line frequency
measurements was estimated to be 0.007 cm 1.

> The lines marked b and/or w are blended, and/or weak (SNR < 3).

¢ One standard deviation u(c) represents combinations of the calibration and
fitting errors of the wavenumber measurements.

vibrational overlap integral, (vA(,,zg)}va(V:H))ncmO: 9.5¢107, it could
not be observed within the current accuracy of measurements. The
significant mixing of the All'I(v = 3)and a3H(v = 14) characters, which
one can see in Fig. 5 (sub-figures III-IV and VII-VIII), arises because of
the presence of the e3>~ (v = 6, Fy,, |22| = 1) level which lies close to the
a’TI(v = 14, Fy,, [2]=0)- ATI(v = 3, Fy,, |2| = 1) diabatic intersection
at J = 46-47 as well as due to the strong e’ (v =6) ~ All(v = 3) and
e327(v =6) ~ a3l'I(v = 14) direct perturbations (for details see Table 6,
Table 7, Fig. 5, Fig. 6. It is best visualised in Fig. 5 (inset III) where at J =
46 an admixture of the AMI(v = 3, Fy,, |2| = 1) character is: 9 % for
€32~ (v =6, Fi,, |2 = 1) and 3 % for a°TI(v = 14, Fy,, |2| = 0). The main
role in the A'MI(y = 3) ~ €32 (v = 6) ~ a°lI(v = 14) intermediate
perturbation is played by the homogeneous (A|£2| = 0) interactions of
the spin-orbit nature.

Similarly, the a®st(v = 14) and €3S~ (v = 6) levels, the spin com-
ponents of which intersect diabatically for J = 50-53, cannot interact
directly due to a too-small value of the vibrational overlap inte-
gral(va~(\,:14>|ve(‘,:6))lzcmo = 1.2¢10°3. In this case, the A(v = 3) level,
which interacts strongly in the specified region of J with both of these
levels (for details see Table 6, Table 7, Fig. 5, Fig. 6, mediates a partial
exchange of characters between the a”yt(v = 14) and e’ (v = 6)
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Table 5
Wavenumbers (in cm ™) of the interaction-induced lines observed in the B'=* — A'I(0, 3) and C'=* — A'MI(0, 3), Vis-FT emission bands of 12¢180g abod
N "Ri2ee "Qi1ef PP11ce PP12ce
J" o u(o) o u(o) o u(o) o u(o)
B'E* - a®z(0, 13)
20 18,088.745 0.005
21 18,121.75 0.05
22 18,195.27" 0.02 18,028.84" 0.02
23 18,238.46b 0.04 18,064.67" 0.02
B'=* - D'A(0, 4)
32 18,181.06" 0.01
c'zt-a®st(o, 13)
20 23,089.28" 0.02
22 23,195.351)"” 0.06 23,029.23% 0.02

2 The instrumental resolution was 0.018 cm™'. The estimated absolute calibration uncertainty was 0.004 cm™'. The absolute accuracy of the line frequency

measurements was estimated to be 0.007 cm ™.

b The lines marked b and/or w are blended, and/or weak (SNR < 3).

¢ The superscripts p and r denote change in the total angular momentum excluding spin.
4 One standard deviation u(c) represents combinations of the calibration and fitting errors of the wavenumber measurements.
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Fig. 4. Ro-vibronic term series in the energy neighbourhood of the A'TI(v = 3)
level in the 69,000-74,000 cm ™! spectral region of the 2C'®0 isotopologue.

levels. It is most visible in Fig. 6: (i) (inset III) where at J = 53 an
admixture of the X~ (v = 6, F3,, |2| = 0) character is: 19 % for AlTI(v =
3, Fie, |2 = 1) and 2 % for ast(v = 14, Fy,, || = 1); (ii) (inset VIII)
where at J = 50 an admixture of the a= (v = 14, Fi5, |2| =1) character
is: 27 % for A'TI(v = 3, Fif, |2| =1) and 3 % for T (v=6, Fop, |2] =1).

The vibrational overlap integrals of the direct perturbation matrix
elements, verified during the deperturbation analysis of the ATI(y = 3)
level, are listed in Table 6. They have been computed from RKR

potential energy curves based on isotopically recalculated equilibrium
constants of Field [57], Field et al. [33,73], Le Floch et al. [59], and
Kittrell et al. [61].

4. Discussion

The B'=" - A'TI(0, 3) and C'T" - A'TI(0, 3) bands of the *2C*80 iso-
topologue had been studied several times [78,79] up to Jyax = 39, with
the highest accuracy up to 0.07 cm™* for B'S™ - A'T1(0, 3) [78]. The
Alll - X12+(3, 0) band of 12C'80 was investigated in Refs. [40,80-82] up
to Jmax = 22 and with the highest accuracy of ~ 0.05 em~! [40].The
high-resolution measurements conducted in the framework of the cur-
rent investigation have been done using modern Fourier-transform
spectroscopy techniques with an accuracy of: (i) 0.005 em ! for B-A
(0, 3) up to Jmax = 40, (ii) 0.007 em ! for C - A0, 3) up to Jmax = 34, and
(iii) 0.03 cm ™! for A - X(3, 0) up to Jmax = 54. In addition, a significantly
larger number of extra-lines, originating from the perturber level under
consideration, are observed in the current work compared to the pre-
vious ones [40]. Moreover, the precision of the All'I(v = 3) term values
determined in this work (see Table 8 is measured a factor of 10 times
better compared to the best previous investigation ([40], Table 1).

The first and so far the only deperturbation analysis of the ATI(v = 3)
level in 12C*80 was carried out by Beaty et al. [40] taking into account
only 4 fixed in the fit interaction parameters, i.e All'I(v =3)~ [egz’(v =
5), d*A(v = 8), a®s*(v = 13) and D'A(v = 4)]. In this work, 9 in-
teractions, of which 4 were fitted, proved to be significant within the
accuracy of the line position measurements, and were taken into ac-
count. They contained the 3 above-mentioned interactions, in addition
to AIH(V =3)~ d?’A(V = 8), as well as newly-modelled: (i) direct AIH(V
—=3)~ [zt = 14), dBPAW = 9), X (v =6)] spin-orbit interactions
and the All'I(v =3)~ IIZ’(V = 5) L-uncoupling ones; (ii) indirect a31'I(v
=14) ~ e’ (v=6) ~ AllI(v = 3) interaction, where the e’ (v=6)is
the mediating level and the a’l(v = 14) ~ ’2 (v = 6) perturbation
manifests the combined, spin-orbit, spin-electronic and rotation-
electronic nature; (iii) an indirect asty = 14) ~ Allly = 3) ~
e3>~ (v = 6) interaction with the spin-orbit natures, where the ATI(v =
3) level acts as an mediating level (see Table 6 and Table 7 for details).
The AlTI(v = 3) ~ d*A(v = 8) spin-orbit perturbation turns out to be too
weak to be observed even within the current, 10 times higher than in the
literature, accuracy of measurements. This is due to the small vibrational
overlap integral which is (Vap—3)|[Vaw—g)) = 6.0 ¢ 1073,

Fig. 7 presents reduced term values of 12¢c18¢ AIH(V = 3), calculated
based on the current experimental data. The largest level shifts occur at
the anti-crossing of the: (i) All'I(v =3, Fip) and a'32+(v =13,FpatJ =
20 (approx. 2.5 cm’l); (i) A1H(v =3, Fp) and [e32’(v =6, Fap), a'32+(v



Table 6
Verification of the unimolecular interactions during the deperturbation analysis of the ATI(v = 3) level of '2C'®0.
N° Interactions Nature of the perturbation Wiy ® Included into the Status Notes*
or final fit
vi|B(R)|v;)"
1 All(v = 3) ~ X (v=4) Spin-orbit 0.028" No - Irrelevant.
2 “ ~ s (v="5) « —0.204"  Yes Fixed Noticeable. Floating causes correlation with the T of A(3) and divergency of the fit.
3 ~ s v=6) 0.261°  Yes Floated -
4 “ ~ T (v=7) “ —0.223" No - Irrelevant.
5 “ ~ dBPav=7) “ —0.133°  No - Irrelevant.
6 “ ~ AW =8) “ 0.007°  No - Irrelevant.*
7 “ ~ A =9) “ 0.100"  Yes Fixed Noticeable. Floating causes divergency of the fit.
8 “ ~ &AW = 10) “ —0.176°  No - Irrelevant.
9 « ~ a’st(v =12) “ —0.226° No - Irrelevant.
10 “ ~ sty =13) “ 0.198" Yes Floated -
11 “ ~ %zt (v =14) “ —0.168"  Yes Fixed Noticeable. Floating causes divergency of the fit.
12 “ ~ a®st(v = 15) « 0.139° No - Irrelevant.
13 “ ~ DA = 2) L-uncoupling —0.367° No - Irrelevant.
14 “ ~ D'A( = 3) “ 0.386° No - Irrelevant.
15 “ ~ D'A(W =4) “ —~0.160"  Yes Floated -
16 “ ~ 's(v=4) “ —0.074"  No - Irrelevant.
17 “ ~ 'y wv=5) “ —~0.193"  Yes Floated -
18 “ ~ I's(v=6) “ 0.340"  No - Irrelevant.
19 dBPAy =8) ~ T (v=15) Spin-spin 0.010° No - Irrelevant.
20 “ ~ a’st(y =13) “ 7.5¢10%%  No - Irrelevant.*
21 EBPAr=9) ~ S (v=6) “ 0.011°  No - Irrelevant.
22 “ ~ a®st (v =14) “ 7.8010%%  No - Irrelevant.*
23 L (v=16) ~ “ Spin-orbit —0.001% No - Irrelevant.*
24 (v = 13) ~ d*A(v=8) Spin-orbit/spin-electronic. —0.201 No - Irrelevant.
25 “ ~ “ L-uncoupling. -0.210°  No - Irrelevant.
26 “ ~ a®st(y =13) Spin-orbit/spin-electronic. 0.204° No - Irrelevant.
27 “ ~ “ L-uncoupling. 0.249”  No - Irrelevant.
28 “ ~ e’T (v=05) Spin-orbit/spin-electronic. 0.317¢ No - Irrelevant.
29 “ ~ « L-uncoupling. 0.302° No - Irrelevant.
30 a’TI(v = 14) ~ AMI(v = 3) Spin-orbit 9.50107° 2 No - Irrelevant.*
31 “ ~ ez (v=16) Spin-orbit/spin-electronic. 0.201"  Yes Fixed Noticeable. Floating causes divergency of the fit.
32 “ ~ « L-uncoupling. 0.187°  Yes Fixed Noticeable. Floating makes the a(14) ~ e(6) spin-orbit/spin-electronic interaction
parameter no longer statistically justified.
33 “ ~ dPAW = 8) Spin-orbit/spin-electronic. —0.263" No - Irrelevant.
34 “ ~ “ L-uncoupling. —0.264"  No - Irrelevant.
35 “ ~ d*A(v=9) Spin-orbit/spin-electronic. —0.088" No - Irrelevant.
36 “ ~ « L-uncoupling. —0.091" No - Irrelevant.
37 “ ~ a®st(v =13) Spin-orbit/spin-electronic. 0.033" No - Irrelevant.
38 “ ~ « L-uncoupling. 0.038” No - Irrelevant.
39 ~ %zt (v = 14) Spin-orbit/spin-electronic. 0.153°  No - Irrelevant.
40 “ ~ “ L-uncoupling. 0.184" No - Irrelevant.
41 “ ~ DA = 4) Spin-orbit 0.380° No - Irrelevant.
42 ~ I's"(v=5) “ 0.382"  No - Irrelevant.

# The vibrational overlap integrals (v; ‘v,-). They were calculated as it was described in Refs. [34,35].
Y The rotational operator integrals (v;|B(R) [vj) in em ™!, They were calculated as it was described in Refs. [34,35].

¢ Relevance of the parameters was tested in the way described in detail in Ref. [38].
*The value of the vibrational overlap integral is too small in relation to the accuracy of measurements thus the interaction is negligible.
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Table 7
Deperturbed molecular parameters of the A TI(v = 3) level and its perturbers in 2C'80*"
Constant ATI(v = 3) I's(v=5) D'A(v = 4)
this work Ref. [40] this work Ref. [40]
T, 68,996.1489(13) 68,997.469(15) 69,588.128(45) 69,391.034(11) 69,392.24
B 1.4636691(55) 1.463549(93) 1.1184¢ 1.1233 1.12330
q x 10° -1.34(15)
D x 10° 6.9208(73) 6.65 6.30¢ 6.32' 6.39
H x 10'? -31.8(26) 2.59¢ -0.26"
EAML,_3 ~V)x 10 —2.830(69) -2.481(38) -0.20%*
Constant Soom v=5) Soom v=6)
this work Ref. [40]
T, 68,879.56" 68,879.55 69,856.49"
B 1.1332° 1.13316 1.1175¢
A
Ap x 10°
D x 10° 6.04° 6.14 6.02¢
H x 10'? -1.73¢ -1.73¢
! 0.60° 0.69 0.62°
y x 10%
NATL_3 ~V) -8.73! -9.63¢ 11.644(87)
n(@ 14 ~V) 12.19
E(@PTly=14 ~ V) x 102 3.0/
Constant dBA(w =9) 2%zt (v = 13) a%st(v = 14) a°TI(v = 14)
this work Ref. [40]
T, 70,065.71" 69,203.2371(28) 69,203.08 70,139.43" 69,378.33'
B 1.0987¢ 1.07¢ 1.06871 1.0539¢ 1.3462°
A -17.36° 38.09°
Ap x 10° -9.62" -18.70™
0 0.63"
p x 10° 2.64°
q x 10° 2.83"
D x 10° 5.81° 5.66° 5.81 5.66° 6.34°
H x 10'2 -0.69" -0.35¢ -0.35¢
y! 1.29° -1.1168(91) -1.15 -1.12° -0.97™
7 x 10% -0.95" -0.49" -0.47" 0.30"
NATL_ 3 ~V) 5.92! —7.1819(43) -7.3¢ 6.06'

2 Values are given in cm ™. The 5 and £ symbols indicate a spin-orbit and rotation-electronic interaction parameter, respectively. Note that the 174,44 parameters
represent a linear combinations of spin-orbit and spin-electronic interactions, because both of them reveal the same £2-dependence, so they cannot be determined
independently.

Note that the data obtained by Beaty et al. [40] were calculated using the R operator, whereas our analysis is based on the N one.

b Values in parentheses indicate 15 uncertainties of parameters floated in the analysis and expressed in units of the least significant digit. All other parameters were
fixed during the final deperturbation fit. Molecular constants of the 12C'®0 X(v = 0) ground state were fixed to the values determined by Coxon and Hajigeorgiou [58]:
G, = 1055.7172740, B, = 1.830980706, D, = 5.550179 x 107°, H, = 5.01843 x 107'2, L, = -3.0008 x 1077, M, =-3.80 x 1023, N, =-6.0 x 10728, and O, = -3.0 x
1033 em L. During the fit, the term values of B!=*(v = 0) and C'=*(v = 0) were fixed to the values obtained by Malicka et al. [42].

¢ Calculated on the basis of Ref. [57] using mass-scaling dependences.

4 Calculated in this work on the basis of Ref. [59] by isotopic scaling.

¢ The spin-orbit perturbation parameters were obtained on the basis of the isotopologue-independent a,; [73] and aq~p [75] parameters as well as on the a,—(aq~p
and aq-p(aq~p) dependences [33,73]. The g (e~ and 5,—p(a,~p) relationships were derived from symmetrized matrix elements of the a’ll ~ I'S” and a°11 ~ D'A
interactions. The vibrational overlap integrals (va|v1.D> were calculated as described in Ref. [35].

f Obtained by isotopic scaling of the values taken from Ref. [61].

8 The 7 and ¢ parameters were calculated from a and j constants given in Ref. [40] based on Egs. (2) - (4) in Ref. [38].

(* It seems that the parameter value & (A'II,_3 D'A,_4) has an editorial error in the Ref. [40]; it should be 2.0 x 102 cm™ Y.

" Calculated in this work on the basis of Refs. [57,58] and isotopic scaling.

! The spin-orbit and rotation-electronic interaction parameters were calculated on the basis of isotopologue-independent Ap—g,eq and by_p ;electronic parameters
[34,39] based on the equations (1) - (5) from Ref. [34] and (2) - (4) from Ref. [38]. The vibrational overlap integrals (v4 ‘Vd,e,d> and rotational operator integrals (
va|B(R) |vip) were calculated as it was described in Refs. [34,35].

J The spin-orbit with spin-electronic as well as L-uncoupling perturbation parameters were obtained on the basis of the isotopologue-independent ag,q,o' and bg—,
4, parameters from Ref. [73] as well as on the ag—¢ g4 (@a~e,d,a) A0d fa—e,d, d' (Ba~e,d,a) dependences [33,73]. The g 4.a'(@ a—e,d,a) aNd Eq—e d,a'(a—e,d,a) relationships
were derived from symmetrized matrix elements of the a’ ~ e32’, d3A, as* interactions in Ref. [38] as equations (5) — (7). The vibrational overlap integrals (
Va|V,q4) and rotational operator integrals (va|B(R) |v, 44) Were calculated as described in Ref. [34,35].

¥ Taken from Ref. [57] (in MHz), then converted into cem ™! and isotopically scaled.

! Calculated on the basis of Refs. [16,57,58] and isotopically scaled if necessary.

™ Calculated in this work on the basis of Ref. [74] (in MHz), then converted into cm ™! and isotopically scaled. The diagonal spin-spin constant 1 = 1.5 x &.

" Calculated in this work based on Ref. [83] (0 = C° or ¢ = 2 x By,) by isotopic scaling procedure.

© Obtained by isotopic scaling of the values taken from Ref. [74] (p = 2 x p.).
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Table 8

Term values (in cm™!) of the A'TI(v = 3) level in 2C!80.%P¢4
J Fie (cm™) u 11 (%) (obs-calc)/u Fif(em™) u 11 (%) (obs-calc)/u
1 68,999.14 0.02 99.77 0.31 68,999.138 0.009 99.77 0.23
2 69,004.991 0.008 99.77 0.41 69,004.993 0.007 99.77 0.81
3 69,013.766 0.006 99.77 0.24 69,013.765 0.007 99.77 0.18
4 69,025.467 0.005 99.78 0.08 69,025.466 0.006 99.78 0.14
5 69,040.093 0.005 99.78 0.04 69,040.091 0.006 99.79 0.03
6 69,057.643 0.005 99.79 0.08 69,057.640 0.006 99.79 —0.01
7 69,078.114 0.005 99.79 —0.24 69,078.112 0.005 99.80 0.01
8 69,101.508 0.004 99.80 -0.25 69,101.505 0.005 99.81 —0.06
9 69,127.822 0.004 99.81 —0.28 69,127.821 0.005 99.81 0.39
10 69,157.055 0.004 99.81 -0.22 69,157.052 0.006 99.81 0.18
11 69,189.206 0.004 99.81 0.10 69,189.200 0.006 99.81 0.03
12 69,224.272 0.004 99.81 0.45 69,224.267 0.006 99.81 0.67
13 69,262.250 0.004 99.81 0.69 69,262.247 0.005 99.80 1.53
14 69,303.135 0.004 99.80 0.25 69,303.126 0.005 99.78 0.60
15 69,346.927 0.004 99.78 -0.11 69,346.915 0.005 99.75 0.67
16 69,393.633 0.004 99.75 2.39 69,393.612 0.005 99.68 2.48
17 69,443.215 0.004 99.70 —0.45 69,443.181 0.005 99.53 1.67
18 69,495.699 0.004 99.60 -0.14 69,495.604 0.005 99.12 0.02
19 69,551.054 0.004 99.41 —0.91 69,550.768 0.006 97.02 0.52
20 69,609.255 0.004 98.94 —1.06 69,612.16 0.02 56.65 —2.06
21 69,670.192 0.004 97.24 -0.75 69,671.223 0.006 97.58 -0.72
22 69,733.017 0.005 81.75 —2.54 69,735.071 0.006 99.12 —0.38
23 69,803.328 0.005 90.23 —0.26 69,801.920 0.006 99.22 —0.44
24 69,872.395 0.005 98.17 0.45 69,871.604 0.006 98.46 -1.16
25 69,944.918 0.005 99.28 0.14 69,943.568 0.006 87.49 —2.84
26 70,020.434 0.005 99.62 0.23 70,020.946 0.007 94.85 2.54
27 70,098.859 0.006 99.76 —0.04 70,099.010 0.007 99.08 1.15
28 70,180.168 0.005 99.83 —0.26 70,180.240 0.007 99.61 0.29
29 70,264.350 0.006 99.87 0.14 70,264.392 0.007 99.77 0.24
30 70,351.386 0.005 99.89 —0.65 70,351.422 0.007 99.84 0.63
31 70,441.279 0.005 99.90 -0.37 70,441.302 0.008 99.87 —0.05
32 70,534.016 0.006 99.87 0.14 70,534.035 0.008 99.86 0.31
33 70,629.578 0.007 99.57 1.87 70,629.591 0.008 99.56 1.41
34 70,728.120 0.007 99.10 1.66 70,728.132 0.009 99.09 1.09
35 70,829.296 0.007 99.87 —-0.14 70,829.30 0.01 99.86 —-1.06
36 70,933.342 0.007 99.91 -1.33 70,933.35 0.02 99.90 —0.69
37 71,040.22 0.02 99.92 —0.38 71,040.22 0.02 99.90 —0.89
38 71,149.90 0.02 99.92 —0.60 71,149.90 0.02 99.89 —-0.62
39 71,262.40 0.02 99.91 0.54 71,262.37 0.02 99.84 —-0.78
40 71,377.67 0.02 99.90 0.06 71,377.60 0.03 99.58 —0.42
41 71,495.73 0.03 99.88 0.09 71,497.24 0.04 55.37 —-0.61
42 71,616.56 0.03 99.84 0.04 71,616.70 0.04 99.55 —0.43
43 71,740.16 0.03 99.77 0.49 71,740.28 0.04 99.78 0.04
44 71,866.47 0.03 99.60 0.20 71,866.62 0.04 99.78 —-0.26
45 71,995.42 0.03 98.96 —0.41 71,995.74 0.04 99.72 0.29
46 - - - - 72,127.56 0.05 99.44 0.37
47 72,263.73 0.04 92.59 1.62 72,262.08 0.05 99.18 0.37
48 72,400.26 0.05 99.02 1.17 72,399.14 0.07 98.26 0.60
49 72,540.09 0.06 99.46 —0.13 72,537.81 0.06 90.38 —0.94
50 72,682.80 0.07 99.33 0.82 - - -
51 - - - 72,829.68 0.09 95.79 -0.39
52 - - - 72,977.37 0.09 99.09 0.22
53 - - - 73,128.0 0.5 99.13 -0.01
54 - - - 73,282.8 0.2 77.90 0.27
55 73,438.21 0.07 99.12 —0.43

2 All term values are given in cm ! in relation to the X(v = 0,J = 0) level.

b cCalculated based on 2C'®0 A - X(3, 0), B-A(0, 3) and C - A(0, 3) transition energies and 12¢180 B(0), C(0) term values given by Malicka et al. [42].

¢ 1 (%) fractional character of AMI(v = 3).
4 One standard deviation u indicate the random (fitting) errors of the terms.

=14, Fip] atJ = 49 (ca. 2.3 cm 1); (i) A'lI(v = 3, F1,) and a®2 (v = 13,
Fy) at J = 22 (approx. 2.0 cm’l); @) AT = 3, F1.) and BAW = 9, Fre)
at J = 54 (about 1.9 cm™!) that are the result of the spin—orbit pertur-
bations; (v) ATI(v = 3, Fip) and I's(v= 5,FipatJ=41(ca. 1.3 em D as
a result of a rotation-electronic (L-uncoupling) perturbation. One of the
smallest reduced level shifts visible in Fig. 7 is caused by the direct
rotation-electronic perturbation of the Allly = 3, F1e) and D'A(W = 4,
Fiep) levels at J = 34 (ca. 0.1 em ™). This is caused by the relatively small
value of the rotational operator integral (va(s)|B(R)|vpa)) = 0.1534
em™! and the large energy separation (about 9.3 cm™') between the

10

diabatic A'TI(v = 3) and D' A(v = 4) levels. It should be noted that, based
on the experimental data, we were unable to determine the term values
of AMI(v = 3, Fy) for J = 46, 51, 53 and A'TI(v = 3, Fy§) for J = 50 (see
Table 9) because of the rapid decrease of the intensities of the spectral
lines. The weaknesses are caused by the direct A'TI(v = 3) ~ €S (v = 6)
and indirect aBH(V =14) ~ egZ’(v =6)~ AlH(v = 3) perturbations at J
= 46-47 and by the multi-state Allly = 3) ~ [e32 (v = 6), azty =
14)] perturbations at J = 50 and 52-53 for the f- and e-symmetry levels,
respectively. Therefore, the information on the magnitude of these term
shifts is less reliable; therefore only predicted, theoretical values of them
were calculated, i.e. 1.6, 0.3, and 2.9 cm ™! for J = 46, 51, 53 of AMI(v =
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Fig. 5. Fractional I (sub-figures I-IV) and >[I (sub-figures V-VIII) characters of the ro-vibronic levels involved in the perturbations of the '2G'®0 A'M(v = 3) and
a’TI(v = 14) levels as well as their perturbers within the observational spectral range.
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Table 9
Term values (in cm™?) of perturbers of the A'TI(v = 3) level in 1280,
J a%st (v=13)
Fyf (em™) u 1 (%) (obs-calc)/u Fae (cm™Y) u 1 (%) (obs-calc)/u F3p (em™) u 1 (%) (obs-calc)/u
19 69,568.84 0.04 2.01 0.32
20 69,606.137 0.007 21.10 —1.46 69,650.77 0.04 1.01 —0.26
21 69,650.89 0.03 0.65 0.42 69,695.69 0.03 2.71 —-1.42
22 69,743.75 0.01 18.21 -2.35
23 69,789.30 0.03 9.73 -1.29
26 70,007.82 0.04 2.13 -0.14
27 70,067.57 0.06 0.27 —0.01
J DA =4) I's(v=5)
Fio (cm™) u I (%) (obs-calc)/u Fip(em™) u 1 (%) (obs-calc)/u
32 70,570.21 0.02 0.05 -0.32
41 71,493.92 0.04 44.6 -0.13

@ All term values are given in cm™! in relation to the X(v = 0, J = 0) level.

b Calculated based on '2C'80 B(0), C(0) term values given by Malicka et al. and extra-lines [42].
¢ I (%) fractional character of ATI(v = 3).d One standard deviation u indicate the random (fitting) errors of the terms.
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Fig. 7. Ro-vibronic reduced term values of the ATI(v = 3) level and its per-
turbers of 12C'®0 as function of the rotational quantum number J and J(J + 1).
The energies are calculated as [T(J) - BJ(J + 1) + DJ 2J+ 1% -HJ3UJ + 1)3),
where the deperturbed T, B, D, and H values of the levels under consideration
were taken from the final fit (see Table 7). The ATI(v = 3) terms were derived
based on the experimental transition frequencies. The colourful lines represent
the ro-vibronic terms of the perturbers: (i) obtained from the current experi-
mental data (solid lines); (ii) calculated based on the literature data and using
isotopic scaling (dotted lines); see Table 7 for details.

3, F1e), respectively, and 0.9 em ! for J = 50 of AlTI(v = 3, F1p).

The T fractional character of the perturbed ATIv=3,F, |Q=1)e
- and f - A — doublet components, is presented in Fig. 5 (sub-figures I-IV)
and Table 8. The decrease of their 'I1 character is caused by interactions
with the perturbing states, i.e.: a”zty = 13, 14), DA(W = 4), s (=
5), e3Z’(V =6) and dBA(v =9). The largest reduction of the 1 character
of the ATI(v = 3) level, reduced to 56.7 % and 55.4 %, occurs for its Fyf
component and is mainly caused by the interactions with a>£*(v = 13)
atJ =20 and I'S™(v = 5) at J = 41, respectively. The largest borrowing of
1 character (44.6 % of 'TI at J = 41) is made by the Fiy component of
'S (v = 5) and this is due to the direct, but relatively weak heteroge-
neous rotation-electronic interaction, which notwithstanding, strongly
depends on the quantum number J, which plays the key role in this
particular case. A much smaller, but still relatively very large admixture
of the I character occurs for the Fif, Fa, and F3r components of the
a®st(v=13)level (22.3% atJ = 20,18.2% atJ =22 and 21.1 % atJ =

13

20, respectively). The a”zt(v = 13) level borrows significant 1 char-
acter also at J = 25 by the Fis and F3; components: 5.0 % and 7.5 %,
respectively. Within this work, the transitions associated with the
rotational levels up to Jpn. = 54 were observed, thus it became possible
to analyse interactions within the much higher J °s of ATI(v = 3) than
previously observed, i.e. with: (i) e (v = 6) for Fye and F3, at J = 53
(theoretical values: 10.9 % and 9.4 % of 1H, respectively) and for Forat J
= 50 (theoretical value 10.1 % of 11'[); (i) a”xt(y = 14) for Fyyand F3rat
J = 50 (theoretical values: 15.5 % and 14.0 % of II, respectively) and
for FopatJJ =52 (1.9 % of my; i) A A(v = 9) for all components atJ = 54
(2.4-7.8 % of 1)

5. Conclusion

The current investigations are based on a large set of high precision
experimental data from the combination of modern, high-accuracy
VUV-FTS and Vis-FT spectroscopy techniques. Our deperturbation
analysis of the AMI(v = 3) state in the 12C'80 isotopologue, based on 571
high precision spectral lines, significantly extends the previous results
concerning this state. The maximum rotational quantum number of the
analysed rotational levels of All'[(v = 3) has been increased from pre-
viously known Jpge = 39 up to the current Jyq = 54. A significantly
larger number of extra-lines originating from perturbations of ATI(v =
3) were also observed. Finally, 13 parameters were fitted: 9 deperturbed
molecular constants of the ATI(v = 3), a”zty = 13), D!'A(v = 4) and
' (v="5) levels; 2 spin—orbit interaction parameters of the ATI(v = 3)
~ [ (v = 6), a2t (v = 13)] and 2 rotation-electronic (L-uncoupling)
parameters of the Allly =3) ~ [I'Z (v = 5), D!'A(v = 4)] interactions.
The final model includs 5 unimolecular interactions, which had not been
taken into account previously. The precision of the AMI(v = 3) term
values determined in this work is improved by a factor of 10 relative to
the previously known values [40]. A significant, indirect influence of
a31'I(v = 14) on All'I(v = 3) via the e3Z’(v = 6) mediating level and
a®Tt(v = 14) on €3 (v = 6) via the ATI(v = 3) level in '2C'®0 were
detected. In addition, it has been shown that the Allly = 3) ~ &AW =
8) interaction, used in the fit in Ref. [40], is actually too weak to be
significant, even within the current, much improved measurement
accuracy.

Order of magnitude advances in the resolution, sensitivity, and ac-
cess to higher-J rotational levels have revealed qualitatively new classes
of features in the spectrum. Foremost among these is the occurrence of
perturbations between pairs of electronic-vibrational levels that, for



M.I. Malicka et al.

reason of electronic selection rules or small vibrational overlap, should
have been unobservable. We report observation and fitting of several
examples of these nominally unobservable perturbations. They represent
an important new class of perturbation: mediated perturbations. For such
phenomenon two states, 1 and 2, cannot undergo a direct currently
detectable perturbation since the interaction matrix element < 1|H|2 >
is too small. However, states 1 and 2 can be simultaneously detectably
perturbed by state 3, via a mediated interaction < 1|H’|3><3|H"’|2>,
which is then of much larger size than 0.01 cm ™.

Many of such tiny orphan effects in the spectrum are now observable
and assignable. These orphans can have previously unimagined
dynamical and collisional consequences. This is an important necessary
step toward the goal of a global deperturbation analysis of all electronic
states, all isotopologues, and extended ranges of vibrational and rota-
tional levels of CO, as well as a users’ guide for extension to other
important molecules.
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