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a b s t r a c t 

The rotational structure of the A 

1 �( v = 2) level of 12 C 18 O is re-examined using high-accuracy experimen- 

tal data comprised of 541 molecular lines obtained by two complementary Fourier-transform techniques. 

The absorption spectrum of the A 

1 � – X 

1 �+ (2, 0) band, in the range 66,500 - 67,650 cm 

–1 , was recorded 

by the vacuum-ultraviolet FT spectrometer at the DESIRS beamline of the SOLEIL synchrotron. Visible 

emission spectra of the B 1 �+ – A 

1 �(0, 2) and C 1 �+ – A 

1 �(0, 2) bands in the range 19,200 - 20,0 0 0 and 

24,300 - 24,800 cm 

–1 were obtained with a Bruker IFS-125HR spectrometer at the University of Rzeszów. 

The absolute accuracy of line frequencies are 0.01 and 0.005 - 0.01 cm 

−1 , respectively. Results from the 

B 1 �+ – X 

1 �+ (0, 0) and C 1 �+ – X 

1 �+ (0, 0) absorption bands of 12 C 18 O were added to the experimental 

data set. A deperturbation analysis of A 

1 �( v = 2) is performed with an effective Hamiltonian and a term- 

value fitting approach. Accurate molecular constants for A 

1 �( v = 2) and the e 3 �–( v = 4), d 3 �( v = 7), 

a ́3 �+ ( v = 12) and I 1 �–( v = 3) perturbing levels were determined. Perturbation parameters of the spin- 

orbit A 

1 �( v = 2) ~ [e 3 �–( v = 4), d 3 �( v = 7), a ́3 �+ ( v = 12)] and rotation-electronic ( L - uncoupling) 

A 

1 �( v = 2) ~ [I 1 �–( v = 3, 4), D 

1 �( v = 3)] interactions, were obtained. A significant, indirect influence 

of the a 3 � state on the A 

1 � state was detected in 12 C 18 O and has therefore been included in the final 

fit by taking into account the simultaneous a 3 �( v = 13) ~ [e 3 �–( v = 4), d 3 �( v = 7), a ́3 �+ ( v = 12)] ~

A 

1 �( v = 2) spin-orbit/spin-electronic/ L -uncoupling and spin-orbit interactions as well as the a 3 �( v = 13) 

~ [D 

1 �( v = 3), I 1 �–( v = 3)] ~ A 

1 �( v = 2) spin-orbit and L -uncoupling interactions. This work results in 

determination of 110 rotational term-values for the A 

1 �( v = 2) state and its perturbers. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The CO A 

1 � state is a prototypical example of a perturbed 

iatomic-molecular state and is subject to complex intra-molecular 

nteractions with the a ́3 �+ , e 3 �–, d 

3 �, and a 3 � triplet states, and

 

1 �– and D 

1 � singlet states [ 1 , 2 ]. The importance of the CO A 

1 � –

 

1 �+ system as a sensitive probe of a molecular gas in the inter- 

tellar medium, including minor CO isotopologues, [3–5] is another 

eason for its continued study. 

The first deperturbation analysis of A 

1 � vibrational states and 

heir interactions with neighbouring levels was carried out for 
∗ Corresponding author. 

E-mail address: hakalla@ur.edu.pl (R. Hakalla). 
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2 C 

16 O by Field et al. [ 6 , 7 ] using grating-spectrometer data ob-

ained with an accuracy of 0.1 cm 

–1 . Later, Le Floch et al. [8] ob-

erved A 

1 � – X 

1 �+ absorption and emission lines with an ac- 

uracy of 0.02 cm 

–1 and included observations of the D 

1 � state 

erturbing A 

1 � and higher rotational levels for A 

1 �( v = 0 – 9) 

8–10] . More recently, accurate deperturbation analyses were per- 

ormed for the A 

1 �( v = 0 – 1) [11] and A 

1 �( v = 2 – 4) [12] states,

mploying the capabilities of two-photon Doppler-free laser spec- 

roscopy and Fourier-transform (FT) vacuum-ultraviolet (VUV) syn- 

hrotron spectroscopy, having accuracies of 0.002 cm 

−1 and 0.01 

m 

−1 , respectively. These techniques were also combined with FT 

mission spectroscopy in the visible (VIS) region with an accuracy 

f 0.005 cm 

–1 and extended to the study of other carbon monox- 

de isotopologues. Deperturbation analyses were performed by Niu 
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Fig. 1. Two photoabsorption spectra of 12 C 18 O A 1 � ← X 1 �+ (2, 0) recorded with different column densities. Assigned lines are labelled and the remainder are due to 12 C 16 O 

absorption or 12 C 18 O transitions not relevant to this study. 

Fig. 2. High-resolution photoemission spectrum of the 12 C 18 O B 1 �+ – A 1 �(0, 2) band as well as the 12 C 18 O B 1 �+ – e 3 �–(0, 4), B 1 �+ – d 3 � (0, 7), B 1 �+ – I 1 �–(0, 3) 

extra-lines, recorded by the FTS technique in the visible region. The upper trace presents an experimental spectrum of the 12 C 18 O B 1 �+ – A 1 �(0, 2) band with the 12 C 16 O 

contamination, whereas the lower trace is a simulation after deperturbation of the 12 C 18 O B 1 �+ – A 1 �(0, 2) band together with the 12 C 18 O B 1 �+ – e 3 �–(0, 4), B 1 �+ – d 3 �

(0, 7), B 1 �+ – I 1 �–(0, 3) extra-lines. The simulation was performed using the PGOPHER software [ 25 , 26 ]. 
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Table 1 

Transition frequencies (in cm 

–1 ) of the A 1 � – X 1 �+ (2, 0) VUV-FT absorption band in 12 C 18 O. a , b 

J ̋ R ( J ̋) o-c Q ( J ̋) o-c P ( J ̋) o-c 

0 67,618.07(3) 0 .01 - - - - 

1 67,620.35(3) 0 .02 67,614.41(3) 0 .02 - - 

2 67,621.93(3) 0 .02 67,613.02(3) 0 .02 67,607.08(3) 0 .01 

3 67,622.83(3) 0 .02 67,610.94(3) 0 .01 67,602.04(3) 0 .02 

4 67,623.02(3) b 0 .02 67,608.16(3) 0 .01 67,596.30(3) b 0 .02 

5 67,622.53(3) b 0 .02 67,604.70(3) b 0 .02 67,589.88(3) 0 .02 

6 67,621.34(3) b 0 .02 67,600.53(3) 0 .02 67,582.75(3) 0 .02 

7 67,619.46(3) 0 .02 67,595.58(3) 0 .02 67,574.94(3) 0 .02 

8 67,616.88(3) 0 .02 67,590.33(3) b 0 .02 67,566.43(3) 0 .02 

9 67,613.61(3) 0 .02 67,584.01(3) 0 .02 67,557.23(3) 0 .02 

10 67,609.64(3) 0 .02 67,577.06(3) 0 .03 67,547.34(3) 0 .02 

11 67,604.97(3) 0 .02 67,569.43(3) 0 .03 67,536.76(3) 0 .02 

12 67,599.61(3) b 0 .03 67,561.11(3) 0 .03 67,525.48(3) 0 .02 

13 67,593.55(3) 0 .03 67,552.09(3) 0 .03 67,513.51(3) 0 .02 

14 67,586.78(3) 0 .03 67,542.37(3) 0 .02 67,500.85(3) 0 .03 

15 67,579.32(3) 0 .03 67,531.97(3) b 0 .03 67,487.49(3) 0 .03 

16 67,571.15(3) 0 .03 67,520.86(3) 0 .03 67,473.43(3) 0 .03 

17 67,562.28(3) 0 .03 67,509.06(3) 0 .03 67,458.67(3) 0 .03 

18 67,552.69(3) 0 .03 67,496.54(3) 0 .03 67,443.22(3) 0 .03 

19 67,542.39(3) 0 .03 67,483.33(3) b 0 .02 67,427.07(3) 0 .03 

20 67,531.35(3) 0 .02 67,469.42(3) 0 .03 67,410.20(3) 0 .03 

21 67,519.54(3) b 0 .02 67,454.79(3) 0 .03 67,392.63(3) 0 .03 

22 67,506.85(3) 0 .02 67,439.44(3) 0 .03 67,374.32(3) 0 .02 

23 67,492.66(3) 0 .03 67,423.36(3) 0 .03 67,355.25(3) 0 .02 

24 67,483.74(3) 0 .02 67,406.52(3) 0 .02 67,335.31(3) 0 .02 

25 67,467.40(3) b 0 .01 67,388.88(3) 0 .02 67,313.88(3) 0 .03 

26 67,451.75(3) 0 .01 67,370.27(3) 0 .02 67,297.72(3) 0 .02 

27 67,435.59(3) 0 .01 67,350.01(3) 0 .01 67,274.14(3) 0 .01 

28 67,418.73(3) 0 .02 67,339.58(3) 0 .02 67,251.26(3) 0 .01 

29 67,400.95(3) 0 .02 67,315.66(3) 0 .02 67,227.88(3) 0 .01 

30 67,381.28(3) ∗ - 67,293.76(3) 0 .02 67,203.81(3) 0 .02 

31 67,367.27(3) ∗ - 67,271.72(3) 0 .01 67,178.83(3) 0 .02 

32 67,345.02(3) ∗ - 67,249.11(3) 0 .01 67,151.97(3) ∗ - 

33 67,326.09(3) 0 .01 67,224.66(3) ∗ - 67,130.77(3) ∗ - 

34 67,304.82(3) –0 .01 67,202.20(3) 0 .01 67,101.33(3) ∗ - 

35 67,282.28(3) 0 .01 67,177.43(3) –0 .01 67,075.23(3) 0 .01 

36 67,261.87(3) 0 .02 67,151.28(3) 0 .01 67,046.81(3) b –0 .01 

37 67,238.07(3) –0 .01 67,128.13(3) –0 .01 67,017.12(3) 0 .01 

38 67,213.15(3) –0 .02 67,100.44(3) –0 .01 66,989.56(3) 0 .02 

39 67,193.79(3) ∗ - 67,072.62(3) 0 .01 66,958.62(3) –0 .01 

40 67,165.75(4) –0 .01 67,048.41(3) ∗ - 66,926.58(3) –0 .02 

41 67,139.44(4) –0 .01 67,016.79(3) b –0 .02 66,900.12(3) ∗ - 

42 67,112.66(4) –0 .01 66,986.07(4) ∗ - 66,864.97(3) –0 .01 

43 67,085.19(4) –0 .02 66,957.05(4) 0 .01 66,831.58(4) –0 .01 

44 67,057.05(4) 0 .01 66,925.96(4) 0 .01 66,797.71(4) –0 .01 

45 67,028.16(4) 0 .01 66,894.24(4) 0 .01 66,763.18(4) –0 .02 

46 66,998.55(4) 0 .03 66,861.81(4) 0 .02 66,727.98(4) 0 .01 

47 - - - - 66,692.06(4) 0 .01 

48 66,937.32(4) w 0 .02 - - 66,655.41(4) 0 .03 

49 66,905.47(4) w 0 .03 - - 66,617.91(4) ∗ - 

50 66,580.15(4) 0 .02 

a The instrumental resolution was 0.31 cm 

–1 and combined fitting and calibration 1 σ frequency uncertain- 

ties are given in parentheses in terms of the least-significant digit. The absolute calibration uncertainty is 

0.03 cm 

–1 and the fitting uncertainties are estimated to vary between 0.006 and 0.1 cm 

–1 , depending on the 

line intensity and blending. The “o-c” columns lists observed minus calculated frequencies. 
b Lines marked with b and/or w are blended and/or weak. 
∗ The lines marked with an asterisk were not used in the final fit. 
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t al. [12] for 13 C 

16 O A 

1 �( v = 0), and Hakalla et al. for 12 C 

17 O

 

1 �( v = 1 – 5) [13] , 13 C 

17 O A 

1 �( v = 0 – 3) [14] , and 

13 C 

18 O

 

1 �( v = 0) [15] . In the latter case of 13 C 

18 O already an indication

or an indirect interaction between the CO a 3 � and A 

1 � electronic 

tates was observed and analysed. 

As for the 12 C 

18 O isotolpologue deperturbation analyses of the 

 

1 �( v = 1 and 2) levels were performed by Haridass et al. 

16] based on emission spectra accurate to 0.1 cm 

–1 . Beaty et al. 

17] probed the A 

1 �( v = 0 – 9) levels observed in a supersonic jet

xpansion with an accuracy of 0.2 cm 

–1 . Trivikram et al. [18] anal- 

sed the A 

1 �( v = 0) level from observations of A 

1 � – X 

1 �+ ,
 

1 �+ – X 

1 �+ and B 

1 �+ – A 

1 � systems obtained by two-photon 
3 
oppler-free laser spectroscopy, VUV-FT synchrotron spectroscopy 

nd VIS-FT emission spectroscopy with accuracies of 0.001 cm 

−1 , 

.01 cm 

−1 and 0.005 cm 

−1 . Most recently, Malicka et al. [19] stud- 

ed the A 

1 �( v = 1) level in B 

1 �+ – A 

1 � and C 

1 �+ – A 

1 � emis-

ion spectra and measured frequencies accurate to 0.005 cm 

−1 , 

long with A 

1 � – X 

1 �+ , B 

1 �+ – X 

1 �+ and C 

1 �+ – X 

1 �+ VUV 

bsorption spectra at an accuracy of 0.01 cm 

−1 . 

Our goal is to improve upon this analysis by using modern 

UV-FT and VIS-FT techniques and perform a more accurate analy- 

is than previously, deriving improved molecular constants and ro- 

ational term values of the A 

1 �( v = 2) vibrational level and its per-

urbers as well as their mutual interaction energies. The extremely- 
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Fig. 3. High-resolution photoemission spectrum of the 12 C 18 O C 1 �+ – A 1 �(0, 2) band as well as the 12 C 18 O C 1 �+ – I 1 �–(0, 3) extra-lines, recorded by the FTS technique 

in the visible region. The upper trace presents an experimental spectrum of the 12 C 18 O C 1 �+ – A 1 �(0, 2) band with the 12 C 16 O contamination, whereas the lower trace is 

a simulation after deperturbation of the 12 C 18 O C 1 �+ – A 1 �(0, 2) band together with the 12 C 18 O C 1 �+ – I 1 �–(0, 3) extra-lines. The simulation was performed using the 

PGOPHER software [ 25 , 26 ]. 
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igh precision of the measured frequencies and the characteriza- 

ion of all direct interactions that affect the A 

1 �( v = 2) level, made

t possible for the first time to identify and fully characterization 

n indirect a 3 � ~ A 

1 � interaction in 

12 C 

18 O. Additionally, the new 

ata extends to significantly higher rotational excitation than pre- 

iously and are photoelectrically detected so that line intensities 

re quantitatively measured. This work is a continuation of the re- 

earch on the A 

1 � state of carbon monoxide conducted by our 

eam in recent years [ 12–15 , 18 , 19 ]. 

. Experimental details 

.1. High-resolution VUV-FT absorption spectroscopy (SOLEIL 

ynchrotron) 

Vacuum-ultraviolet (VUV) photo-absorption spectra of the A 

1 �

X 

1 �+ (2, 0) band were recorded with the all-reflection Fourier- 

ransform spectrometer on the DESIRS beamline of the SOLEIL syn- 

hrotron [ 20 , 21 ]. The methodology of these measurements, includ- 

ng the option for maintaining a high temperature, and their anal- 

sis is the same as that used in our previous study of the 13 C 

18 O

 

1 � – X 

1 �+ (0, 0) band [15] . Briefly, for this study, an isotopically- 

nriched sample of 12 C 

18 O was flowing into 20 cm-long T-shaped 

indowless cell placed in vacuum into the synchrotron beam path. 

he cell can be heated up thanks to a heating element closely 

rapped around it. Post-analysis revealed 1% contamination by 
2 C 

16 O in the sample that was observable in some measurements, 

nd less than 0.5% for any other isotopologue. 

Measurements were made at a temperature of 850 K and with 

pproximate CO pressures of 0.03 and 0.4 hPa, corresponding to 

easured column densities of 4 × 10 14 and 8 × 10 15 cm 

–2 . These 

pectra are shown in Fig. 1 and were simultaneously fit to a model 

f all A 

1 � – X 

1 �+ and forbidden transitions. The frequencies and 
4 
trengths of all lines were optimised taking into account over- 

apping absorption by 12 C 

16 O and instrumental broadening. Ad- 

itionally, the relative frequencies of P - and R- branch lines that 

erminate on a common upper level were kept fixed to their 

xpected combination difference based on their extremely well- 

nown ground-state energy levels. These are computed by Coxon 

t al. [22] that reproduce a large dataset of pure-rotational and ro- 

ibrational transitions frequencies for multiple isotopologues and 

ith typical accuracies of 0.0 0 01 cm 

–1 or better. The Xe 5 p 6 –5 p 5 6 s

ine at 68,045 cm 

–1 was also included in this multi-spectrum fit 

o verify the frequency calibration of all spectra, and is referenced 

o a high-accuracy measurement [23] of a single Xe isotope. Sim- 

lations of natural abundance Xe, as present in our experiment, 

ncluding typical isotope splittings [24] indicate that our use of a 

urified calibration standard introduces a negligible error of (ap- 

roximately 0.002 cm 

–1 ). The estimated uncertainty of the result- 

ng absolute calibration is 0.03 cm 

–1 and additional fitting uncer- 

ainties of measured line frequencies are estimated during the op- 

imisation of the model spectra and vary between 0.001 and 0.01 

m 

–1 . Besides a room temperature very-high pressure spectrum, 

00 hPa, was also recorded using a 9 cm long MgF 2 windowed 

ell that could be inserted into the beam, allowing the measure- 

ent of weak extra-lines at high column density. Line frequencies 

f the 12 C 

18 O A 

1 � – X 

1 �+ (2, 0) band are reported in Table 1 . The

xtra-lines observed in this band are listed in Table 2 . 

.2. High-resolution VIS-FT emission spectroscopy (University of 

zeszów) 

For obtaining spectra of the B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ –

 

1 �(0, 2) bands of the 12 C 

18 O isotopologue, a previously-described 

19] air-cooled hollow-cathode (HC) lamp was used. The cathode 

as equipped with a cylinder made of graphite. Isotopically en- 
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Table 2 

Transition frequencies of the interaction-induced lines (in cm 

–1 ) observed in the A 1 � – X 1 �+ (2, 0) VUV-FT absorption band in 12 C 18 O. a , b , c 

J ̋ q Q 11 fe o-c q R 11 ee o-c o P 11 ee o-c q Q 21 fe o-c p Q 11 fe o-c r Q 31 fe o-c r R 21 fe o-c 

I 1 �– – X 1 �+ (3, 0) 

7 67,598.35(4) 0 .03 

8 67,587.19(4) b 0 .03 

e 3 �– – X 1 �+ (4, 0) 

23 67,508.63(4) b 0 .03 

24 67,471.01(4) 0 .02 

25 67,438.70(4) –0 .01 67,329.85(3) 0 .04 67,441.78(4) 0 .02 

26 67,284.98(4) 0 .02 

27 67,245.43(4) -0 .01 67,371.42(3) 0 .01 

28 67,324.11(4) –0 .03 

29 67,288.22(4) ∗ - 

d 3 � – X 1 �+ (7, 0) 

32 67,348.21(4) 0 .02 

33 67,227.94(4) b –0 .01 

34 67,104.54(4) 0 .03 

a ́3 �+ – X 1 �+ (12, 0) 

41 

42 66,992.31(5) 0 .03 

…

44 66,863.84(5) w 0 .04 

a The uncertainties in parentheses indicate 1 σ standard deviations and are a combination of fitting and calibration errors. 
b Lines marked with b and/or w are blended and/or weak. 
c The superscripts o, p, q and r denote change in the total angular momentum excluding spin. 
∗ The lines marked with an asterisk were not used in the final fit. 

Fig. 4. Ro-vibronic term series in the energy neighbourhood of the 12 C 18 O 

A 1 �( v = 2) level (67,0 0 0 - 71,500 cm 

–1 ). Labels denote the electronic state and 

the vibrational quantum number. 
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iched molecular oxygen 

18 O 2 (Sigma-Aldrich, 98.1% 

18 O 2 ) was ad- 

itted to the lamp at about 3 hPa, and emission spectra were pro- 

uced during a sustained discharge with a 780 V DC voltage ap- 
5 
lied to the electrodes and a 54 mA current through the gas. The 

100 ± 50 K temperature of the intra-cathode plasma is estimated 

rom vibrational contours of the studied bands [19] and is suffi- 

ient to collisionally populate rotational levels of B 

1 �+ ( v = 0) and 

 

1 �+ ( v = 0) levels up to J = 39 and 35, respectively, which ra-

iatively decay to A 

1 �( v = 2). This rotational excitation is higher 

han in our previous studies [51–53] in which a plasma tempera- 

ure of 300 K was achieved and also results in increased Doppler- 

roadening, but only to about 0.015 cm 

−1 FWHM (full-width-at- 

alf-maximum). Some spectral lines of 12 C 

16 O are observed in the 

pectrum and originate from approximate 1.9% 

16 O 2 oxygen con- 

amination of the gas sample used in the experiment. 

The B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) bands of 12 C 

18 O

ere recorded in a 128-scan acquisition of the 1.71-m Bruker (IFS 

25-HR) spectrometer at the University of Rzeszów operating un- 

er vacuum condition (p < 0.01 hPa). The instrumental resolu- 

ion is 0.018 cm 

–1 and the obtained signal-to-noise ratio (SNR) 

or the recorded B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) bands 

s 90:1 and 20:1, respectively. A calibration of the frequency axis 

s performed with reference to the 633 nm He-Ne line produced 

y an internally stabilized laser ( ± 1.5 MHz/2h) and the calibra- 

ion uncertainty (1 σ ) is estimated to be 0.004 cm 

–1 . The B 

1 �+ –

 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) spectra appear between 19,200 

nd 20,100 cm 

–1 , and 24,200 and 24,950 cm 

–1 , respectively, and 

re presented in Figs. 2 and 3 together with PGOPHER [25] simu- 

ations obtained from the final deperturbation analysis. 

Voigt profiles were fitted to the observed line contours when 

educing the spectrum to a list of transition frequencies, and their 

bsolute accuracies are estimated to fall in the ranges 0.005 –

.01 and 0.01 – 0.02 cm 

–1 for the B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ 

A 

1 �(0, 2) bands, respectively, and depend on individual line in- 

ensities and degree of blending. The transition frequencies of lines 

n the B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) bands are listed 

n Tables 3 and 4 , and for lines originating from B 

1 �+ ( v = 0) and

 

1 �+ ( v = 0) and associated with perturber states, i.e. e 3 �–( v = 4),

 

3 �( v = 7) and I 1 �–( v = 3), are presented in Table 5 . 

The line list of the transition frequencies and relative oscilla- 

or strengths, obtained in the VIS-FT and VUV-FT experiments and 

ncluded into the deperturbation analysis, is provided in the sup- 

lementary material. 
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Table 3 

Transition frequencies (in cm 

–1 ) of the B 1 �+ – A 1 �(0, 2) VIS-FT emission band in 12 C 18 O. a , b 

J ́́ R ( J ́́) o-c Q ( J ́́) o-c P ( J ́́) o-c 

1 19,309.74(2) b c –0 .02 19,302.339(5) 0 .008 19,298.61(2) b c –0 .03 

2 19,314.944(8) b c –0 .008 19,303.823(6) b –0 .001 19,296.409(6) b 0 .017 

3 19,320.881(6) b c –0 .003 19,306.049(5) 0 .002 19,294.924(5) b 0 .011 

4 19,327.559(6) b 0 .003 19,309.018(5) 0 .003 19,294.157(5) b c –0 .010 

5 19,334.979(5) b 0 .007 19,312.731(5) 0 .003 19,294.157(5) b c –0 .005 

6 19,343.131(5) b 0 .011 19,317.197(5) b 0 .002 19,294.896(5) b –0 .005 

7 19,352.026(5) b 0 .004 19,322.484(5) b 0 .008 19,296.378(5) b –0 .004 

8 19,361.662(5) b 0 .003 19,328.131(5) 0 .005 19,298.610(5) b c 0 .011 

9 19,372.038(5) 0 .005 19,334.890(5) b 0 .002 19,301.576(5) 0 .003 

10 19,383.157(5) 0 .001 19,342.323(5) 0 .005 19,305.287(5) 0 .002 

11 19,395.008(5) –0 .001 19,350.488(5) –0 .002 19,309.745(5) b c 0 .007 

12 19,407.618(5) –0 .006 19,359.384(5) b –0 .003 19,314.944(5) b c 0 .001 

13 19,420.971(5) b 0 .008 19,369.040(5) –0 .008 19,320.881(5) b c –0 .002 

14 19,435.052(5) 0 .004 19,379.437(5) 0 .004 19,327.583(5) b –0 .007 

15 19,449.880(5) 0 .005 19,390.570(5) 0 .001 19,335.026(5) b 0 .001 

16 19,465.455(5) –0 .001 19,402.449(5) 0 .003 19,343.217(5) b 0 .002 

17 19,481.775(5) b 0 .002 19,415.076(5) –0 .004 19,352.158(5) b 0 .005 

18 19,498.843(5) –0 .002 19,428.451(5) –0 .002 19,361.853(5) b –0 .001 

19 19,516.666(5) 0 .002 19,442.576(5) –0 .004 19,372.305(5) 0 .002 

20 19,535.244(5) b 0 .001 19,457.454(5) –0 .002 19,383.524(5) 0 .001 

21 19,554.601(5) 0 .001 19,473.090(5) b 0 .001 19,395.522(5) 0 .002 

22 19,574.768(5) b –0 .005 19,489.489(5) –0 .001 19,408.336(5) 0 .004 

23 19,595.859(5) –0 .005 19,506.670(5) b –0 .004 19,422.076(5) 0 .003 

24 19,618.480(5) –0 .009 19,524.651(5) –0 .005 19,437.366(5) –0 .003 

25 19,635.871(5) 0 .003 19,543.478(5) –0 .007 19,447.429(5) 0 .001 

26 19,660.719(6) b –0 .004 19,563.324(5) b 0 .003 19,464.952(5) –0 .001 

27 19,684.925(6) b 0 .007 19,584.862(5) 0 .005 19,481.844(5) b 0 .006 

28 19,709.672(7) b 0 .002 19,596.601(5) 0 .001 19,499.277(5) –0 .003 

29 19,735.156(5) –0 .003 19,621.900(5) –0 .007 19,517.465(6) b 0 .007 

30 19,761.578(8) b –0 .002 19,645.197(5) –0 .008 19,536.606(5) –0 .004 

31 19,789.94(1) b ∗ - 19,668.690(6) b 0 .006 19,557.679(5) ∗ - 

32 19,812.67(1) b ∗ - 19,692.791(5) b 0 .010 19,573.139(6) ∗ - 

33 19,843.65(2) b ∗ - 19,718.777(6) ∗ - 19,596.877(9) ∗ - 

34 19,871.389(7) –0 .003 19,742.784(5) 0 .001 19,617.346(8) b 0 .004 

35 19,901.477(9) 0 .014 19,769.195(5) 0 .009 19,640.151(8) b –0 .003 

36 19,932.86(1) 0 .01 19,796.999(6) –0 .001 19,664.342(8) –0 .002 

37 19,962.15(1) –0 .02 19,821.850(9) b 0 .018 19,686.41(2) b –0 .01 

38 19,994.88(3) b w 0 .02 19,851.273(7) 0 .003 19,711.91(2) b 0 .02 

39 19,880.862(7) –0 .01 19,738.56(3) b 0 .02 

a The o–c column lists observed minus calculated frequencies. The instrumental resolution was 0.018 cm 

–1 . 

The estimated absolute calibration uncertainty was 0.004 cm 

–1 . The uncertainties in parentheses indicate 1 σ

standard deviations and are a combination of fitting and calibration errors. The absolute accuracy of line 

frequencies is estimated to be 0.006 – 0.01 cm 

–1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 
c Lines that do not meet the resolution criterion. The transition frequencies of the thus blended lines in the 

given contour have been assigned to the strongest line. 
∗ The lines marked with an asterisk were not used in the final fit (see Discussion for details). 

3

t

d

t

s

s

t  

o

o

d

 

t  

d

t

t

a  

b

i

 

t

t

b  

R  

v  

o

p

i

t

t  

t  

C

A

a

0

b  

r

t  
. Deperturbation analysis 

The A 

1 � state of CO exhibits a remarkably complicated rota- 

ional structures [1] . It results from multiple perturbations, mainly 

ue to direct spin-orbit and rotation-electronic ( L -uncoupling) in- 

eractions with both near and distant states. In addition, the A 

1 �

tate is perturbed indirectly by the a 3 � state through spin-orbit, 

pin-electronic and rotation-electronic interactions mediated by 

he direct perturbers of A 

1 � [ 15 , 19 ]. The direct a 3 � ~ A 

1 � (spin-

rbit) interaction exists as well but is negligible due to a small 

verlap integral between these states in the vibrational region un- 

er investigation. 

A development version of the PGOPHER program [ 25 , 26 ] is used

o identify perturbers of the A 

1 �( v = 2) level and to carry out a

eperturbation analysis based on an effective Hamiltonian (for ma- 

rix elements and other details see supplementary material). Ini- 

ially, a model of ro-vibronic energy levels was built based on liter- 

ture data [ 6 , 8 , 22 , 27–36 ] and permitted the identification of possi-

le perturbers of A 

1 �( v = 2) from a perturbation diagram, plotted 

n Fig. 4 , as was also done in Refs. [ 13–15 , 19 ]. 
6 
The B 

1 �+ ( v = 0) and C 

1 �+ ( v = 0) levels were represented in

he model by the terms. This procedure, called the term-value fit- 

ing approach , eliminates the influence of the unidentified pertur- 

ations occurring in these levels [ 14 , 15 , 18 , 37–39 ] (see also Fig. 5 in

ef. [19] ) on the deperturbation analysis of A 

1 �( v = 2). The term-

alues of B 

1 �+ ( v = 0) and C 

1 �+ ( v = 0) were fixed to fitted values

btained by Malicka et al. [19] . A detailed discussion of this ap- 

roach within a dedicated least-squares method has been provided 

n Refs. [40–43] . The method allowed us to test the significance of 

hirty possible direct and indirect interactions potentially affecting 

he A 

1 �( v = 2) level, with results listed in Table 6 . Term values of

he X 

1 �+ ( v = 0) reference level were fixed to the values given by

oxon et al. [22] . 

High-accuracy data for 541 transitions from 5 bands: (i) B 

1 �+ –
 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) obtained by VIS-FT spectroscopy, 

nd (ii) A 

1 � – X 

1 �+ (2, 0), B 

1 �+ – X 

1 �+ (0, 0), C 

1 �+ – X 

1 �+ (0, 

), obtained by VUV-FT spectroscopy, are used in the depertur- 

ation analysis of A 

1 �( v = 2). As a result, 17 independent pa-

ameters were obtained: 11 deperturbed molecular constants for 

he A 

1 �( v = 2), e 3 �–( v = 4), d 

3 �( v = 7), a ́3 �+ ( v = 12) and
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Table 4 

Transition frequencies (in cm 

–1 ) of the C 1 �+ – A 1 �(0, 2) VIS-FT emission band in 12 C 18 O. a , b 

J ́́ R ( J ́́) o-c Q ( J ́́) o-c P ( J ́́) o-c 

1 - - 24,304.45(3) b w –0 .02 24,300.74(6) b w –0 .04 

2 24,317.04(3) b w –0 .01 24,305.94(3) b –0 .01 24,298.53(3) b w –0 .01 

3 24,322.94(2) w –0 .01 24,308.12(2) b –0 .02 24,297.02(4) b w –0 .02 

4 24,329.57(3) b –0 .01 24,311.06(2) b –0 .02 24,296.26(3) b 0 .01 

5 24,336.94(2) b –0 .01 24,314.76(2) b 0 .02 24,296.22(2) b –0 .01 

6 24,345.06(2) b 0 .02 24,319.15(2) b –0 .02 24,296.92(2) b –0 .01 

7 24,353.86(2) b –0 .02 24,324.395(8) b –0 .004 24,298.34(2) b –0 .02 

8 24,363.43(2) b –0 .02 24,330.000(9) b 0 .021 24,300.52(2) b –0 .01 

9 24,373.75(2) b 0 .01 24,336.68(1) b 0 .007 24,303.44(2) b 0 .02 

10 24,384.778(7) 0 .001 24,344.025(8) b –0 .003 24,307.08(1) b 0 .01 

11 24,396.541(7) –0 .007 24,352.121(7) b 0 .011 24,311.45(1) b –0 .01 

12 24,409.048(8) –0 .006 24,360.927(7) b 0 .001 24,316.561(9) b –0 .004 

13 24,422.29(2) b 0 .01 24,370.459(7) b –0 .019 24,322.413(9) b –0 .009 

14 24,436.254(7) –0 .004 24,380.764(7) b 0 .009 24,329.008(9) b –0 .011 

15 24,450.962(8) –0 .009 24,391.761(7) b –0 .017 24,336.35(1) b 0 .005 

16 24,466.408(8) –0 .011 24,403.542(8) b 0 .001 24,344.43(1) b 0 .003 

17 24,482.600(8) –0 .001 24,416.034(7) b –0 .009 24,353.23(1) b –0 .02 

18 24,499.525(9) –0 .003 24,429.288(8) b 0 .009 24,362.80(2) b –0 .02 

19 24,517.18(2) b –0 .03 24,443.274(9) b 0 .011 24,373.14(2) b 0 .01 

20 24,535.62(2) b –0 .04 24,458.000(9) b –0 .001 24,384.20(2) b –0 .02 

21 24,554.84(3) b –0 .01 24,473.49(1) b 0 .01 24,396.09(2) b 0 .03 

22 24,574.81(3) b w –0 .04 24,489.74(1) b 0 .01 24,408.71(2) b –0 .03 

23 24,595.76(3) b –0 .01 24,506.75(2) b 0 .01 24,422.31(2) b –0 .01 

24 24,618.23(4) b w 0 .02 24,524.54(2) b –0 .02 24,437.44(2) b 0 .01 

25 24,635.42(4) b w –0 .01 24,543.20(2) b –0 .02 24,447.33(2) b 0 .01 

26 24,660.07(5) b w –0 .03 24,562.87(2) b c –0 .01 24,464.68(2) b –0 .01 

27 24,684.11(6) b w –0 .01 24,584.22(2) b –0 .01 24,481.40(2) b 0 .01 

28 24,708.67(2) w 0 .01 24,595.81(4) b w 0 .02 24,498.66(2) b 0 .01 

29 24,733.96(5) b w –0 .02 24,620.88(5) b w –0 .03 24,516.66(3) b 0 .01 

30 24,644.02(3) b 0 .01 

31 24,667.32(3) b w 0 .01 

32 24,691.24(4) b w ∗ - 

33 24,717.03(6) b w ∗ - 

34 24,740.85(3) w 0 .01 

35 24,767.03(5) b w 0 .02 

a The o–c column lists observed minus calculated frequencies. The instrumental resolution is 0.018 cm 

–1 . The estimated absolute calibration un- 

certainty is 0.004 cm 

–1 . Uncertainties in parentheses indicate 1 σ standard deviations and are a combination of fitting and calibration errors. The 

absolute accuracy of the frequencies is estimated to be 0.01 – 0.02 cm 

–1 , depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 
c Lines that do not meet the resolution criterion. The transition frequencies of the thus blended lines in the given contour have been assigned to 

the strongest line. 
∗ The lines marked with an asterisk were not used in the final fit (see Discussion for details). 

Table 5 

Transition frequencies of the interaction-induced lines (in cm 

–1 ) observed in the B 1 �+ – A 1 �(0, 2) and C 1 �+ – A 1 �(0, 2) VIS-FT emission bands in 12 C 18 O. a , b , c 

J ́́ s R 11 ee o-c q Q 12 ef o-c q Q 11 ef o-c q P 11 ee o-c r Q 11 ef o-c 

B 1 �+ – e 3 �– (0, 4) 

24 19,602.51(2) b –0 .02 19,421.392(9) –0 .014 

25 19,648.632(8) b 0 .022 19,460.17(2) b 0 .01 

26 19,526.76(3) b w –0 .01 

27 19,563.44(2) b 0 .01 

28 19,612.074(5) ∗ - 

B 1 �+ – d 3 � (0, 7) 

33 19,840.46(2) b –0 .01 19,715.48(2) b 0 .01 

…

36 

37 

B 1 �+ – I 1 �– (0, 3) 

7 19,319.73(2) 0 .01 

8 19,331.281(9) 0 .003 

C 1 �+ – e 3 �– (0, 4) 

27 24,562.87(4) b w ∗ - 

C 1 �+ – I 1 �– (0, 3) 

8 24,333.13(3) w 0 .01 

a The o–c column lists observed minus calculated frequencies. The uncertainties in parentheses indicate 1 σ standard deviations and are a combination of fitting and 

calibration errors. 
b Lines marked with b and/or w are blended and/or weak. 
c The superscripts q, r and s denote change in the total angular momentum excluding spin. 
∗ The lines marked with an asterisk were not used in the final fit (see Discussion for details). 
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Table 6 

Couplings considered in the deperturbation analysis of the A 1 �( v = 2) level in 12 C 18 O. 

N 

o Analysed interactions Nature Took part in the final fit Status a Notes b 

1 A 1 �( v = 2) ~ I 1 �−( v = 2) Rotation-electronic ( L -uncoupling) No - Negligible. 

2 ~ I 1 �−( v = 3) " Yes Floated - 

3 ~ I 1 �−( v = 4) " Yes Floated - 

4 ~ I 1 �−( v = 5) " No - Negligible. 

5 ~ e 3 �−( v = 2) Spin-orbit No - Negligible. 

6 ~ e 3 �−( v = 3) " Yes Fixed Noticeable. Statistically unjustified. 

7 ~ e 3 �−( v = 4) " Yes Floated - 

8 ~ e 3 �−( v = 5) " No - Negligible. 

9 ~ d 3 �( v = 6) " No - Negligible. 

10 ~ d 3 �( v = 7) " Yes Floated - 

11 ~ d 3 �( v = 8) " Yes Fixed Noticeable. Statistically unjustified. 

12 ~ d 3 �( v = 9) " No - Negligible. 

13 ~ a ́3 �+ ( v = 11) " No - Negligible. 

14 ~ a ́3 �+ ( v = 12) " Yes Floated - 

15 ~ a ́3 �+ ( v = 13) ͘ " Yes Fixed Noticeable. Statistically unjustified. 

16 ~ a ́3 �+ ( v = 14) " No - Negligible. 

17 ~ D 

1 �( v = 2) Rotation-electronic ( L -uncoupling) No - Negligible. 

18 ~ D 

1 �( v = 3) " Yes Floated - 

19 ~ D 

1 �( v = 4) " No - Negligible. 

20 d 3 �( v = 7) ~ e 3 �−( v = 4) Spin-spin No - Statistically unjustified.. If floated, it correlates with < A(2)| LS |e(4) > . No 

theoretical value available. 

21 ~ a ́3 �+ ( v = 12) " No - Statistically unjustified. No theoretical value available. 

22 e 3 �−( v = 4) ~ a ́3 �+ ( v = 12) Spin-orbit No - Statistically unjustified. If floated, it correlates with < A(2)| LS |e(4) > and 

< A(2)| LS | a ́(12) > . No theoretical value available. 

23 a 3 �( v = 13) ~ I 1 �−( v = 3) " No - Negligible indirect impact on A(2). 

24 ~ e 3 �−( v = 4) Spin-orbit / spin-electronic Yes Fixed Noticeable. If floated, it correlates with B and λ constants of e(4). 

25 ~ e 3 �−( v = 4) L -uncoupling Yes Fixed Noticeable. Statistically unjustified. 

26 ~ d 3 �( v = 7) Spin-orbit / spin-electronic Yes Fixed Noticeable. If floated, it correlates with B constant of d(7). 

27 ~ d 3 �( v = 7) L -uncoupling Yes Fixed Noticeable. Statistically unjustified. 

28 ~ a ́3 �+ ( v = 12) Spin-orbit / spin-electronic Yes Fixed Noticeable. Statistically unjustified. 

29 ~ a ́3 �+ ( v = 12) L -uncoupling Yes Fixed Noticeable. Statistically unjustified. 

30 ~ D 

1 �( v = 3) Spin-orbit Yes Fixed Noticeable. Statistically unjustified. 

a Whether parameters are floated during optimisation or fixed to their theoretical values. 
b Whether there is a noticeable influence of the floated parameter on the frequencies of observed lines. This was checked by comparing frequencies computed with parameters floated, fixed to calculated values, or set to 

zero. 
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Fig. 5. The experimental reduced term values (in cm 

–1 ) of the 12 C 18 O A 1 �( v = 2) level and its perturbers. The energies are calculated as T(J) – BJ(J + 1) + DJ 2 (J + 1) 2 –

HJ 3 (J + 1) 3 for B = 1.48521962 cm 

–1 , D = 6.7556 × 10 –6 cm 

–1 and H = – 4.82 × 10 –11 cm 

–1 . 
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1 �–( v = 3) levels; 3 spin-orbit coupling parameters describing the 

 

1 �( v = 2) ~ e 3 �–( v = 4), d 

3 �( v = 7) and a ́3 �+ ( v = 12) per-

urbations as well as 3 rotation-electronic ( L - uncoupling) interac- 

ions parameters parameterizing the A 

1 �( v = 2) ~ I 1 �–( v = 3),

 

1 �–( v = 4) and D 

1 �( v = 3) perturbations. The L - uncoupling in-

eractions are parameterised with the symbol ξ , while the spin- 

rbit couplings are parameterized with the use of η [ 13 , 14 , 19 ].

he obtained parameters are presented in Table 7 and compared 

ith analogous values determined by Beaty et al. [17] and Haridass 

t al. [16] . Ro-vibronic term values for A 

1 �( v = 2), e 3 �–( v = 4),

 

3 �( v = 7), a ́3 �+ ( v = 12) and I 1 �–( v = 3) levels are listed in

able 8 , while reduced terms are presented in Fig. 5 . 

At each stage of model fitting, the correlations between param- 

ters were monitored. The final model reproduces the experimen- 

al data very well and the root-mean-square error (RMSE) of un- 

eighted residuals for all transition frequencies amounts to 0.012 

m 

–1 . All details of the final deperturbation analysis can be found 

n the PGOPHER file attached as supplementary material. 

Perturbed line strengths of the A 

1 � – X 

1 �+ (2, 0) transition 

nd forbidden lines are calculated with the PGOPHER program and 

rovide a check on the energy levels used to constrain the deper- 

urbation model. Fig. 6 directly compares an experimental spec- 

rum with a simulation from model line frequencies and strengths, 

hich shows good agreement for both A 

1 � – X 

1 �+ (2, 0) and for- 

idden transitions. 

An alternative view of intra-molecular interactions is obtained 

hrough analysis of “borrowing” of A 

1 � character by the per- 

urbing ro-vibrational levels. The admixture of 1 � character as 

 percentage C 2 
ik 

· 100% , where C ik = 〈 	k | 
 i 〉 is a mixing co-

fficient obtained from the eigenvectors of the diagonalised en- 

rgy matrix in the final fit, which are presented in the first 

art of Fig. 7 . The indirect interaction of the a 3 � and A 

1 �

tates, identified here in 

12 C 

18 O, leads to a borrowing of 3 � char- 

cter in 

1 � and vice versa, as illustrated in the second part 

f Fig. 7 . 

. Discussion 

Beaty et al. [17] considered only two direct rotational per- 

urbations in their analysis of the A 

1 �( v = 2) level: caused 
9 
y an L -uncoupling interaction with I 1 �–( v = 3) and the spin-

rbit interaction with e 3 �–( v = 4). In turn, Haridass et al. 

16] , in their deperturbation analysis of A 

1 �( v = 2), considered 

even direct rotational perturbations caused by the A 

1 �( v = 2) 

[I 1 �–( v = 3), D 

1 �( v = 3)] L -uncoupling interactions and the 

 

1 �( v = 2) ~ [e 3 �–( v = 4), d 

3 �( v = 7, 8), a ́3 �+ ( v = 11, 12)]

pin-orbit interactions. In this work the direct and indirect in- 

uences of 30 inter-electronic interactions that potentially affect 

he A 

1 �( v = 2) level (based on Fig. 4 ) were examined ( Table 6 )

nd 16 significant interactions were included in a final depertur- 

ation. Among them, a significant indirect influence of a 3 � on 

 

1 � was detected in 

12 C 

18 O: the a 3 �( v = 13) ~ [e 3 �–( v = 4),

 

3 �( v = 7), a ́3 �+ ( v = 12)] ~ A 

1 �( v = 2) spin-orbit/spin-

lectronic/ L -uncoupling and spin-orbit interactions as well as the 

 

3 �( v = 13) ~ [D 

1 �( v = 3), I 1 �–( v = 3)] ~ A 

1 �( v = 2) spin-orbit

nd L -uncoupling interactions. 

The indirect a 3 � ~ A 

1 � interaction in CO may lead to a 

etastable population following A 

1 � ← X 

1 �+ pumping. The a 3 �

X 

1 �+ transition borrows strength only from the A 

1 � – X 

1 �+ 

ransition, and essentially only from A 

1 �( v = 2) – X 

1 �+ . The ab-

orption strength of specific rotational transitions is proportional 

o their fractional 1 � character, shown in Fig. 7 , at most 0.6%. The 

ntensity of optically-forbidden transitions to perturbed a 3 � levels 

re then a factor of 10 3 - 10 4 weaker than corresponding transi- 

ions to A 

1 � and the indirect a 3 �( v = 13) ~ A 

1 �( v = 2) interac-

ion is not detectable by the observation of level shifts or intensity 

nomalies. Instead, it relies on a precise fit of multiple direct per- 

urbations that is taken here to a new level. Even a weak indirect 

 

3 � ~ A 

1 � interaction might provide a method for excitation of 

 single vibration-rotation-fine-structure level of a 3 �, or lead to 

 high fluorescence quenching rate for the most-affected levels of 

 

1 �. Such a collisional effect also raises the possibility of anoma- 

ously state-selective chemistry. 

The borrowing of A 

1 �( v = 2) percentage character by perturb- 

ng levels is shown in Fig. 7 . The A 

1 �( v = 2) ~ d 

3 �( v = 7) in-

eraction causes a decrease in the 1 � character of A 

1 �( v = 2), 

y more than 50% for both the F 1 f component at J = 40 and F 1 e 
omponent at J = 33. The responsible perturbing levels are the F 1 f 
3% 

1 �) , F 2 f (16% 

1 �), F 3 f (22% 

1 �), F 1 e (24% 

1 �), F 2 e (19% 

1 �)
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Table 7 

Deperturbed molecular parameters of the A 1 �( v = 2) level and its perturbers in 12 C 18 O. a , b 

Constant A 1 �( v = 2) A 1 �( v = 2) Ref. [17] A 1 �( v = 2) Ref. [16] e 3 �–( v = 3) e 3 �–( v = 4) e 3 �–( v = 4) Ref. [17] e 3 �–( v = 4) Ref. [16] 

T v 67,615.36029(66) 67,616.7522 (81) 67,616.78(1) 66,870.96 f 67,883.7847(23) 67,884.44 67,884.44 

B 1.48521962(84) 1.485101(54) 1.48522(6) 1.16 g 1.1491315(61) 1.14897 1.14897 

q × 10 5 –1.31 e 

D × 10 6 6.7555(34) 6.65 6.9 6.10 g 6.07 g 6.14 6.3 

H × 10 12 –48.2(18) –1.73 h –1.73 h 

λ 0.57 s 0.9540(92) 0.69 0.70 

η –13.0234(36) –12.68 i –12.6(5) i 

ηtheoret 
c 12.38 –12.84 

δηd 1.4 

Constant d 3 �( v = 7) d 3 �( v = 7) Ref. [16] d 3 �( v = 8) a ́3 �+ ( v = 12) a ́3 �+ ( v = 12) Ref. [16] a ́3 �+ ( v = 13) 

T v 68,097.611(75) 68,102.72 69,090.91 f 68,249.455(23) 68,249.47 69,203.30 f 

B 1.129309(88) 1.12927 1.11 g 1.08 g 1.08361 1.07 g 

A –16.61 g –16.77 g 

D × 10 6 5.83 g 5.7 5.82 g 5.67 g 5.7 5.66 g 

H × 10 12 –0.69 h –0.69 h –0.35 h –0.35 h 

A D × 10 5 –9.62 j –9.62 j 

λ 1.07 s 1.20 1.17 s –1.11 s –1.10 –1.10 s 

γ × 10 2 –0.81 j –0.83 0.88 j –0.50 j –0.48 j 

η –10.076(27) –10.7 i –5.688(29) 5.5 i 

ηtheoret 
c –10.18 13.97 –5.73 4.54 

δη d 1.6 0.04 

Constant a 3 �( v = 13) I 1 �–( v = 3) I 1 �–( v = 3) Ref. [17] I 1 �–( v = 3) Ref. [16] I 1 �– ( v = 4) D 

1 �( v = 3) D 

1 �( v = 3) Ref. [16] 

T v 68,067.55 k 67,636.2405(60) 67,635.91(68) 67,636.0(6) 68,622.51 o 68,431.16 p 68,431.42 

B 1.36 g 1.15 g 1.15147 1.15147 1.13 g 1.14 r 1.13967 

o 0.63 l 

p × 10 3 2.73 m 

q × 10 5 3.01 l 

A 37.48 g 

D × 10 6 6.29 g 6.26 h 6.24 6.3 6.28 h 6.33 r 6.3 

H × 10 12 2.59 h 2.59 h –2.59 h 

A D × 10 5 –20 m 

λ × 10 2 –0.75 t 

γ × 10 2 0.32 j 

ξ × 10 2 –5.633(39) –5.39(65) i –5.7(4) i 8.31(28) 3.50(25) –4 i 

( ξ theoret × 10 2 ) c –5.30 6.75 2.90 

δξ d 6.5 21.6 20.2 

η(~ I, v = 3) –11.47 u 

η(~ e, v = 4) 24.07 w 

ξ (~ e, v = 4) 0.06 w 

η(~ d, v = 7) 16.45 w 

ξ (~ d, v = 7) –0.04 w 

η(~ a ́, v = 12) 4.52 w 

1
0
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Table 7 

Deperturbed molecular parameters of the A 1 �( v = 2) level and its perturbers in 12 C 18 O. a , b 

Constant a 3 �( v = 13) 

ξ (~ a ́, v = 12) –0.01 w 

η(~ D, v = 3) –22.78 u 

a All quantities have units of cm 

–1 apart from relative percentage errors δη and δξ . Some T and B constants are fixed to or initialised from literature data (possibly scaled from other isotopologues) given in 

terms of the ˆ R rotation operator, while most values in this are fitted to Hamiltonian’s defined for ˆ N (see the discussion section). 
b Values in parentheses indicate 1 σ uncertainties of parameters floated in the analysis in units of the least significant digit listed. All other parameters are fixed. Molecular constants of the 12 C 18 O X( v = 0) 

reference level were fixed to those in Ref. [22] . 
c Theoretical spin-orbit and rotation-electronic interaction parameters are calculated on the basis of isotopologue-independent purely electronic a A~d,e,a ́ and b A~D,I parameters (given by Hakalla et al. [13] for A 

~ a ́and A ~ D interactions as well as obtained using data from Le Floch et al. [8] for A ~ e, A ~ d and A ~ I perturbations) based on the Eqns. (1) - (5) from Hakalla et al. [13] and Eqns. (1) - (3) from Malicka 

et al. [19] . A way of obtaining the vibrational overlap integrals 〈 v A | v a ′ , e, d 〉 and rotational operator integrals 〈 v A | ̂ B (R) | v I,D 〉 is highlighted in Refs. [ 13 , 14 ]. 
d Relative errors expressed as difference between theoretical and fitted values as a percentage: δη = 

( ηtheoret −η) 
ηtheoret 

× 100% ; δξ = 

( ξtheoret −ξ ) 
ξtheoret 

× 100% . 
e Calculated on the basis of Refs. [ 11 , 45 ] and isotopic scaling. 
f Calculated in this work on the basis of Refs. [ 6 , 22 ] and isotopic scaling. 
g Calculated from Ref. [6] based on mass-scaling. 
h Calculated in this work on the basis of Ref. [8] by isotopic scaling. 
i The η and ξ parameters were calculated from α and β constants from Ref. [17] or Ref. [16] based on Eqs. (1) - (3) in Ref. [19] . 
j Taken from Ref. [6] (in MHz), then converted into cm 

–1 and isotopically scaled. 
k Calculated on the basis of Refs. [ 6 , 22 , 46 ] and isotopically scaled where necessary. 
l Calculated in this work on the basis of Ref. [47] ( o = C δ or q = 2 × B 0 + ) by isotopic scaling. 
m Calculated in this work on the basis of Ref. [48] ( p = 2 × p + ) by isotopic scaling. 
o Calculated in this work on the basis of Refs. [ 6 , 49 ] by isotopic scaling. 
p Obtained by isotopic scaling of the values taken from Refs. [ 22 , 31 ]. 
r Calculated on the basis of Ref. [31] by isotopic scaling. 
s Calculated in this work on the basis of Ref. [6] (diagonal spin-spin constant λ = –1.5 × C in MHz), converted into cm 

–1 and isotopically scaled. 
t Calculated in this work on the basis of Ref. [48] (diagonal spin–spin constant λ = 1.5 × ε in MHz), converted into cm 

–1 and isotopically scaled. 
u Theoretical spin-orbit interaction parameters were calculated on the basis of the electronic a a ∼I parameter given by Field et al. [7] or a a ∼D parameter from Garetz et. al [50] as well as αa ∼I ( a a ∼I ) or αa ∼D ( a a ∼D ) 

perturbation parameter dependences given by Field et. al [ 1 , 7 ]. The ηa ∼I ( αa ∼I ) and ηa ∼D ( αa ∼D ) relationships follow from symmetrized matrix elements of the a 3 П ~ I 1 �– and a 3 П ~ D 1 � interactions. A way of 

obtaining the vibrational overlap integrals v a | v I,D has the same methodology as in Refs. [ 13 , 14 , 28 ]. 
w Theoretical spin-orbit (together with spin-electronic) and L -uncoupling interaction parameters were calculated on the basis of electronic a a ∼e,d,a ́ and b a ∼e,d,a ́ parameters given by Field et al. [7] as well as 

αa ∼e,d,a ́( a a ∼e,d,a ́) and βa ∼e,d,a ́( b a ∼e,d,a ́) dependencies given by Field et. al [ 1 , 7 ]. The ηa ∼e,d,a ́( αa ∼e,d,a ́) and ξ a ∼e,d,a ́( βa ∼e,d,a ́) relationships follow from e / f -symmetrized matrix elements of the a 3 П ~ e 3 �–, d 3 �, 

a ́3 �+ interactions. A way of obtaining the vibrational overlap integrals 〈 v A | v a ′ , e, d 〉 and rotational operator integrals 〈 v A | ̂ B (R) | v e,d, a ′ 〉 involves the same methodology as in Refs. [ 13 , 14 , 28 ]. The spin-orbit and spin- 

electronic interactions have the same � dependence, which makes it impossible to determine them independently; thus, the ηa ∼e,d,a ́ perturbation parameters represent a linear combinations of both of these 

interactions. 
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Table 8 

Term values (in cm 

–1 ) of the A 1 �( v = 2) level and its perturbers in 12 C 18 O. a , b , c , d 

J A 1 �( v = 2) e 3 �–( v = 4) I 1 �–( v = 3) 

F 1 e (cm 

–1 ) 1 � (%) F 1 f (cm 

–1 ) 1 � (%) F 1 e (cm 

–1 ) 1 � (%) F 2 f (cm 

–1 ) 1 � (%) F 1 f (cm 

–1 ) 1 � (%) 

1 67,618.07(2) 99.89 67,618.057(9) 99.89 

2 67,623.994(7) 99.89 67,623.993(8) 99.88 

3 67,632.899(6) 99.89 67,632.898(7) 99.87 

4 67,644.783(6) 99.89 67,644.770(7) 99.83 

5 67,659.624(5) 99.89 67,659.605(7) 99.74 

6 67,677.437(5) 99.88 67,677.401(7) 99.39 

7 67,698.217(5) 99.88 67,698.081(6) 95.11 67,700.85(2) 4.78 

8 67,721.956(5) 99.88 67,722.104(6) 95.15 67,718.96(2) 4.73 

9 67,748.661(5) 99.87 67,748.727(7) 99.18 

10 67,778.330(5) 99.86 67,778.379(6) 99.59 

11 67,810.960(5) 99.85 67,810.996(6) 99.70 

12 67,846.547(5) 99.84 67,846.584(6) 99.75 

13 67,885.087(5) 99.83 67,885.130(6) 99.77 

14 67,926.583(5) 99.81 67,926.614(6) 99.77 

15 67,971.026(5) 99.79 67,971.066(6) 99.76 

16 68,018.417(5) 99.76 68,018.455(6) 99.75 

17 68,068.746(5) 99.72 68,068.798(6) 99.73 

18 68,122.019(5) 99.67 68,122.065(6) 99.70 

19 68,178.215(5) 99.58 68,178.280(6) 99.66 

20 68,237.340(5) 99.44 68,237.427(7) 99.60 

21 68,299.359(5) 99.19 68,299.494(7) 99.51 

22 68,364.253(5) 98.64 68,364.473(7) 99.37 

23 68,431.889(5) 96.97 68,432.350(7) 99.14 

24 68,501.656(5) 87.07 68,503.098(7) 98.73 68,517.63(2) 7.84 

25 68,580.320(5) 77.44 68,576.660(7) 97.86 68,567.57(2) 9.13 68,629.57(4) 2.07 

26 68,655.186(6) 96.07 68,652.868(8) 95.49 68,626.48(4) 0.87 68,689.43(4) 4.43 

27 68,734.347(6) 98.22 68,731.045(7) 85.50 68,752.46(2) 14.41 

28 68,816.627(6) 98.56 68,822.669(8) 61.17 68,807.20(2) 38.73 

29 68,901.810(6) 98.11 68,904.397(8) 91.64 68,876.98(4) 8.24 

30 68,989.693(7) 95.86 68,991.771(8) 97.02 

31 69,079.289(7) 78.25 69,082.583(9) 98.41 

32 69,178.135(8) 86.35 69,176.432(9) 98.68 

33 69,272.35(1) 51.76 69,272.025(9) 60.76 

34 69,373.461(8) 98.05 69,373.21(1) 98.73 

35 69,475.833(9) 98.13 69,475.66(1) 98.33 

36 69,580.51(1) 89.88 69,580.30(2) 89.68 

37 69,690.89(2) 94.64 69,691.53(2) 88.78 

38 69,801.46(2) 97.80 69,801.77(2) 98.12 

39 69,914.48(2) 89.28 69,915.46(2) 97.01 

40 70,036.63(3) 60.79 70,036.31(4) 58.42 

41 70,153.65(3) 97.65 70,153.30(4) 97.51 

42 70,275.96(3) 99.23 70,274.74(4) 82.77 

43 70,401.33(3) 99.59 70,401.43(4) 98.96 

44 70,529.57(3) 99.73 70,529.58(4) 99.60 

45 70,660.67(3) 99.80 70,660.63(4) 99.72 

46 70,794.55(3) 99.81 70,794.50(4) 99.75 

47 70,931.24(3) 99.72 

48 71,070.56(3) 91.02 

49 71,213.14(4) 99.62 

50 71,358.12(5) 99.86 

a ́3 �+ ( v = 12) d 3 �( v = 7) 

F 2 e (cm 

–1 ) F 3 f (cm 

–1 ) F 1 e (cm 

–1 ) F 1 f (cm 

–1 ) 

…

33 69,275.53(4) 23.20 69,275.32(3) 19.12 

…

42 70,280.988(25) 9.04 

…

45 70,467.462(34) 0.03 

a All values are given in relation to the X( v = 0, J = 0) level. 
b Computed from 

12 C 18 O A – X(2, 0), B – A(0, 2) and C – A(0, 2) transition energies and 12 C 18 O B(0), C(0) terms given by Hakalla et al. [15] using 

the X( v = 0) term values calculated in this work on the basis of the individual molecular constants published by Coxon et al. [22] . 
c “1 � (%)” denotes percentage character of the A 1 �( v = 2) level. 
d The values in parentheses indicate random fitting uncertainties. 

F  

r  

T

i

a

o  

(  

o

c  

l  
 3 e (5% 

1 �) sublevels of d 

3 �( v = 7). The largest 1 � character bor-

owing is by the F 2 f component of e 3 �–( v = 4) (39% 

1 � at J = 28).

he most significant contribution to the borrowing of 1 � character 

s due to the direct spin-orbit perturbations. These perturbations 

lso lead to the largest term-value perturbations at anti-crossings 
12 
f A 

1 �( v = 2) with d 

3 �( v = 7), e 3 �–( v = 4), and a ́3 �+ ( v = 12)

see Fig. 5 ). An interesting case is that of the e and f components

f D 

1 �( v = 3) which take on a relatively large amount of 1 �

haracter (even 9% 

1 � for J = 48), similar to the a ́3 �+ ( v = 12)

evel (8 - 9% 

1 � for J = 42), even though the A 

1 � ~ D 

1 � inter-
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Fig. 6. Red trace: Part of the A – X(2, 0) spectrum recorded at 850 K and with a column density of 8 × 10 15 cm 

–2 . Blue trace: Simulation of the spectrum from perturbed tran- 

sition frequencies and line strengths. Main-band and extra-line assignment are given and unassigned lines are due to overlapping contamination from other CO isotopologues 

or absorption from X( v = 1). 
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ction has rotation-electronic nature. The explanation is that the 

eterogeneous rotation-electronic interaction depends strongly on 

he quantum number J , which is quite high in this case. 

Fig. 7 also shows that the a 3 �( v = 13) level acquires a small

art of the 1 � percentage character (~ 0.02%). However, this oc- 

urs only and exclusively because of the specific mediation of the 

 

3 �–( v = 4), d 

3 �( v = 7), a ́3 �+ ( v = 12) and D 

1 �( v = 3) levels

etween the A 

1 �( v = 2) and a 3 �( v = 13) levels. The direct in-

uence of a 3 �( v = 13) is negligibly small due to extremely small

ibrational overlap integral 〈 v A (2) | v a (13) 〉 = 1.22 × 10 −4 . The bor-

owing of this a 3 �( v = 13) state character is visible only near in

he locations of the strongest interactions of the a 3 �( v = 13) state

ith the e 3 �–( v = 4), d 

3 �( v = 7), a ́3 �+ ( v = 12) and D 

1 �( v = 3)

evels (see the second part of Fig. 7 ): a 3 �( v = 13, F 1 e , F 2 e ) ~

 

3 �–( v = 4, F 1 e , F 3 e ) for J = 25; a 3 �( v = 13, F 1 f F 2 f ) ~ e 3 �–( v = 4,

 2 f ) for J = 28; a 3 �( v = 13, F 1 e ) ~ e 3 �–( v = 4, F 1 e , F 3 e ) for

 = 31; a 3 �( v = 13) ~ d 

3 �( v = 7) for J = 33, 36, 40 (all compo-

ents); a 3 �( v = 13, F 1 e , F 2 e , F 3 e ) ~ a ́3 �+ ( v = 12, F 2 e ) for J = 39;

 

3 �( v = 13, F 1 e , F 2 e ) ~ a ́3 �+ ( v = 12, F 1f , F 3f ) for J = 37 and 42;

 

3 �( v = 13) ~ D 

1 �( v = 3) for J = 48 (all components). 

High precision, deperturbed molecular constants for 

 

1 �( v = 2), e 3 �–( v = 4), d 

3 �( v = 7), a ́3 �+ ( v = 12), D 

1 �( v = 3)

nd I 1 �–( v = 3, 4) are listed in Table 7 and compared with

nalogous values determined by Beaty et al. [17] and Haridass 

t al. [16] . This comparison is limited with regard to T and B 

onstants because the authors of Refs. [ 16 , 17 ] define their effective

amiltonian in terms of rotational angular-momentum of the 

uclear framework (operator ˆ R ), whilst in this work an operator 

escribing the total angular momentum excluding spin ( ̂  N ) was 

mplemented in accordance with IUPAC recommendations [44] . 

etails about this issue are presented in Ref. [19] . All the molecu- 
3  

13 
ar constants determined in this work are estimated to be one to 

hree orders-of-magnitude more precise than previously known. 

The parameters describing A 

1 �( v = 2) ~ [e 3 �–( v = 4), 

 

3 �( v = 7), a ́3 �+ ( v = 12)] spin-orbit interactions listed in

able 7 are in very good agreement with both calculated val- 

es (relative error no larger than 1.6%) and previous experimen- 

al estimates in Refs. [ 16 , 17 ] but with two to three orders-of-

agnitude improved precision. The calculated values were ob- 

ained within this work on the basis of isotopologue-independent 

urely electronic a A~d,e,a ́ and b A~D,I parameters (given by Hakalla 

t al. [13] for A 

1 � ~ a ́ and A 

1 � ~ D interactions as well as ob- 

ained using data from Le Floch et al. [8] for A 

1 � ~ [e 3 �–, d 

3 �

nd I 1 �–] perturbations) based on the Eqns. (1-5) from Hakalla 

t al. [13] and Eqns. (1) - (3) from Malicka et al. [19] . A way to

btain the vibrational overlap integrals 〈 v A | v a ′ , e, d 〉 and rotational 

perator integrals 〈 v A | ̂ B (R) | v I,D 〉 is highlighted in Refs. [ 13 , 14 ]. 

The relative errors expressed as percentage difference between 

heoretical and fitted values of the A 

1 �( v = 2) ~ [I 1 �–( v = 3),

 

1 �( v = 3) and I 1 �–( v = 4)] rotation-electron ( L -uncoupling

ype) perturbation parameters (6.5%, 20.2%, 21.6%, respectively) are 

reater than the other fitted ones and listed in Table 7 . The reasons

re that: (i) all of these interactions are strongly J -dependent and 

he A 

1 �( v = 2) ~ I 1 �–( v = 3) perturbation falls on J = 7 – 8; (ii)

he A 

1 �( v = 2) ~ [D 

1 �( v = 3) and I 1 �–( v = 4)] perturbations af-

ect A 

1 �( v = 2) most strongly at J = 48 and 53 – 54, respectively,

hich is almost out of the experimental range of the present work. 

ur results are still significantly more accurate than found by Refs. 

 16 , 17 ] for these parameters. 

Tables 1 , 3 and 4 show the measured frequencies of A 

1 � –

 

1 �+ (2, 0), B 

1 �+ – A 

1 �(0, 2) and C 

1 �+ – A 

1 �(0, 2) bands. Some 

ow-intensity lines associated with higher rotational levels J = 

1 – 33 and 40 – 48 of the A 

1 �( v = 2) level are marked with an
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Fig. 7. Percentage 1 � and 3 � character of levels significantly contributing to the indirect interaction of 12 C 18 O A 1 �( v = 2) and a 3 �( v = 13). The lower graphs for each case 

show the indirect A 1 � ~ a 3 � mixing following from the e 3 �–( v = 4), d 3 �( v = 7), a ́3 �+ ( v = 12), D 1 �( v = 3) and I 1 �–( v = 3) intermediate states (see Table 6 for details). 

Note that the spin components are distinguished by colour only for the a 3 �( v = 13) level. 
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sterisk in these Tables and are not included in the final depertur- 

ation. This was necessary because a significant indirect influence 

f a 3 �( v = 13) on A 

1 �( v = 2) is evident but is unconstrained

ecause of: (i) a lack of extra-lines connected to a 3 �( v = 13)

pparent in our spectra that require the molecular constants of 

 

3 �( v = 13) to be fixed to mass scaled values that are usually

nsufficiently accurate for a spectroscopically-accurate deperturba- 

ion; (ii) independently fitting the a 3 �( v = 13) ~ [e 3 �–( v = 4),

 

3 �( v = 7), a ́3 �+ ( v = 12)] interactions is statistically unjusti-

ed and leads to strong correlations with other model parame- 

ers, but neglecting these entirely degrades the final fit and these 

arameters are then fixed to values calculated in this work (see 

able 7 for details); (iii) the spin-spin d 

3 �( v = 7) ~ [e 3 �–( v = 4),

 ́

3 �+ ( v = 12)] and spin-orbit e 3 �–( v = 4) ~ a ́3 �+ ( v = 12) inter-

ctions are fixed to zero because fitting them is statistically unjus- 

ified or leads to strong correlations with other model parameters 

see Table 6 ) and their theoretical values are unknown. 

Fig. 5 shows reduced term values of A 

1 �( v = 2) and its per-

urbers. The largest shift of perturbed A 

1 �( v = 2) energy levels 

approx. 5.5 cm 

–1 ) occurs for the F 1 f level at J = 28 and it is due

o the A 

1 �( v = 2) ~ e 3 �–( v = 4) spin-orbit interaction. In com-

arison, the A 

1 �( v = 2) ~ I 1 �–( v = 3) perturbation, the maxi-

um of which falls at J = 8, is quite interesting because both have

 similar value of the overlap integrals ( 〈 v A (2) | v e (4) 〉 = –0.2994,

 υA (2) | ̂ B (R) | υI(3) 〉 = 0.3301 cm 

–1 ) and similar distances of unper- 

urbed terms (about 3 cm 

–1 ), but the A 

1 �( v = 2) ~ I 1 �–( v = 3)

nteraction is over 50 times weaker. Such behaviour is the result of 

he J- dependent nature of the interaction. For this reason, among 

he observed rotation-electronic interactions, a three times greater 

erm value shift (approx. 0.3 cm 

–1 ) occurs for the A 

1 �( v = 2) ~

 

1 �( v = 3) interaction. It is associated with a higher rotational 

evel ( J = 48), even though the value of the overlap integral is 

lightly smaller ( 〈 υA (2) | ̂ B (R) | υD (3) 〉 = 0.2628 cm 

–1 ), and the mini-

um energy separation between unperturbed levels is larger (ap- 

rox. 6 cm 

–1 ) compared to the A 

1 �( v = 2) and I 1 �–( v = 3) lev-

ls (approx. 3 cm 

–1 ). The second-largest shifts in terms of the 

 

1 �( v = 2) level, approx. 4.2 cm 

–1 , are caused by spin-orbit inter-

ctions with the d 

3 �( v = 7, F 3 e , f ) components and their maxima

re located at J = 40. 

. Conclusion 

Using two Fourier-transform spectroscopic techniques (in com- 

ination with synchrotron radiation absorption and discharge 

mission) high-resolution measurements of three 12 C 

18 O bands 

ere performed: A 

1 � – X 

1 �+ (2, 0), B 

1 �+ – A 

1 �(0, 2) and 

 

1 �+ – A 

1 �(0, 2). The frequency accuracies amounted to about 

.01, 0.005 and 0.01 cm 

−1 , respectively. Transitions forbidden by 

pin- and electric-dipole selection rules are also observed arising 

rom spin-orbit and rotation-electronic interactions of e 3 �–( v = 4), 

 

3 �( v = 7), a ́3 �+ ( v = 12) and I 1 �–( v = 3) with A 

1 �( v = 2).

ll new experimental data, and additional VUV-FT data for 12 C 

18 O 

 

1 �+ – X 

1 �+ (0, 0) and C 

1 �+ – X 

1 �+ (0, 0) bands [19] (a total 

f 541 line frequencies) is included in a deperturbation analysis of 

 

1 �( v = 2). 

Finally, 11 deperturbed molecular constants and 6 interac- 

ion energies were obtained, along with 110 experimental ro- 

ibrational term values of A 

1 �( v = 2) and perturbing e 3 �–( v = 4),

 

1 �–( v = 3), a ́3 �+ ( v = 12), d 

3 �( v = 7) levels. An statistically sig-

ificant, indirect influence of a 3 � on the A 

1 � state was detected 

or the first time in 

12 C 

18 O. It occurs via simultaneous spin-orbit, 

pin-electronic and rotation-electronic interactions: a 3 �( v = 13) 

[e 3 �–( v = 4), d 

3 �( v = 7), a ́3 �+ ( v = 12)] ~ A 

1 �( v = 2) and

 

3 �( v = 13) ~ [D 

1 �( v = 3), I 1 �–( v = 3)] ~ A 

1 �( v = 2). It

s uniquely observed in the 12 C 

18 O isotopologue under present 
15 
onsideration because of the high precision of the observations 

nd the careful characterization of all direct interactions with the 

 

1 �( v = 2) and a 3 �( v = 13) levels. With the inclusion of this large

umber of interacting states, the present case of both A 

1 �( v = 2)

nd a 3 �( v = 13) states with an in-common group of perturbing 

tates ranks among the most complete deperturbation analyses of 

nteracting states in diatomic molecules. As such it is exemplary 

or the depth to which perturbation analyses can be performed. 

he new results provide a significantly improved description of the 

 

1 �( v = 2) and a 3 �( v = 13) levels in 

12 C 

18 O and their complex

eb of intra-molecular interactions. 
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