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a b s t r a c t 

The A 

1 �( v = 1) level of the 12 C 18 O isotopologue was precisely reinvestigated with two complementary 

spectroscopic techniques. High resolution B 1 �+ → A 

1 �(0, 1), (1, 1) and C 1 �+ → A 

1 �(0, 1) emission 

bands were recorded in the visible region, 20,700 – 26,100 cm 

−1 , with a 1.71 m Fourier-transform spec- 

trometer (Bruker IFS 125-HR) installed at the University of Rzeszów. The resulting line centre accuracy 

of isolated and medium to strong lines is 0.005 cm 

−1 . In addition, high-resolution spectra of the A 

1 �

← − X 

1 �+ (1, 0), B 1 �+ ← − X 

1 �+ (0, 0) and (1, 0) as well as C 1 �+ ← − X 

1 �+ (0, 0) bands were recorded 

between 66,200 and 95,250 cm 

−1 using the vacuum-ultraviolet Fourier-transform spectrometer installed 

at the DESIRS beamline of the SOLEIL synchrotron. The wavenumber accuracy for isolated and strong 

spectral lines is 0.01 cm 

−1 . A data set of 626 spectral lines belonging to seven bands was incorpo- 

rated into a global deperturbation analysis. Significantly improved deperturbed molecular constants for 

the A 

1 �( v = 1), a´3 �+ ( v = 10), D 

1 �( v = 1), and I 1 �−( v = 2) levels, term values of the B 1 �+ ( v = 0, 

1) and C 1 �+ ( v = 0) Rydberg states as well as the accompanying spin-orbit and rotation-electronic ( L - 

uncoupling) interaction parameters were obtained. The experimental ro-vibrational term values of the 

A 

1 �( v = 1) level and its perturbers were also determined. The mixed composition of interacting states 

is expressed in terms of their 1 � percentage character. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The spectroscopy of the carbon monoxide molecule is of major

strophysical significance because it is the second most abundant

hemical compound in the interstellar medium (ISM), after molec-

lar hydrogen, and influences chemical dynamics there through its

hotolysis by vacuum-ultraviolet stellar radiation [1] . The detection

f CO and determination of its local density and temperature are

ssential for modelling the beginning of stellar evolution, the dy-

amics of interstellar clouds and nebulae, the atmospheres of plan-

ts and exoplanets, the characterisation of extra-galactic clouds,

nd the search for varying fundamental constants in the early Uni-
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erse [2–7] . CO isotopologues are often probed as proxies for the

ydrogen content of molecular clouds and map the distribution of

atter therein [8–10] . Quantitative detections of multiple CO iso-

opologues can solve for the “depth effect” in interstellar absorp-

ion and be used to determine [ 12 C]/[ 13 C] and [ 16 O]/[ 17 O]/[ 18 O] ra-

ios in the ISM [11–13] . All natural isotopologues, including 12 C 

18 O,

ave been found, inter alia, in high-resolution Solar spectra [14] ,

nterstellar clouds [2,8,9] and nebulae [2] . 

From a pure molecular physics perspective, the A 

1 � elec-

ronic state of CO is a show-case example of complex multi-level

erturbative structure with associated breakdown of the Born-

ppenheimer approximation [15–17] . The A 

1 � state of 12 C 

18 O was

reviously studied via the Ångström system (B 

1 �+ – A 

1 �) by Ry-

el [18] , Janji ́c et al. [19] , K ̨epa [20] , K ̨epa et al. [21] and Trivikram

t al. [22] ; the Herzberg system (C 

1 �+ – A 

1 �) by K ̨epa [23] and

https://doi.org/10.1016/j.jqsrt.2020.107243
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Fig. 1. High-resolution emission spectrum of the 12 C 18 O B 1 �+ - A 1 �(0, 1) band as 

well as the 12 C 18 O B 1 �+ - a´3 �+ (0, 10), B 1 �+ - D 1 �(0, 1) and B 1 �+ - I 1 �−(0, 2) 

extra-lines recorded with the VIS-FT spectrometer. Upper trace: experimental spec- 

trum; the 12 C 16 O B 1 �+ - A 1 �(0, 1) transitions were treated as contamination dur- 

ing the analysis. Lower trace: simulation of the 12 C 18 O B 1 �+ - A 1 �(0, 1) band to- 

gether with the 12 C 18 O B 1 �+ - a´3 �+ (0, 10), B 1 �+ - D 1 �(0, 1) and B 1 �+ - I 1 �−(0, 

2) extra-lines, obtained with the PGOPHER software [50,51] . 
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Janji ́c et al. [24] ; and the K ̨epa-Rytel system (E 1 � – A 

1 �) by K ̨epa

et al. [25] and K ̨epa [20] . The other band systems investigated for

the 12 C 

18 O isotopologue are: 4 th Positive (A 

1 � – X 

1 �+ ) [22,26–

29] ; Hopfield-Birge (B 

1 �+ – X 

1 �+ ) [22,27,30–33] , C 

1 �+ – X 

1 �+ 

[27,31–35] , E 1 �– X 

1 �+ [26,31–33,36] , and C 

1 �+ – B 

1 �+ [37] . 

A deperturbation analysis of the A 

1 � state of CO was first made

by Field and co-workers in the early 1970’s [38,39] . They anal-

ysed the v = 0 – 23 vibrational levels on the basis of experimen-

tal A – X bands measured by classical spectroscopy to an accu-

racy of 0.1 cm 

−1 . Recently, the A 

1 � electronic state in 

12 C 

16 O was

accurately re-examined using two experimental techniques: two-

photon Doppler-free laser spectroscopy with 0.002 cm 

−1 accuracy

and synchrotron based Fourier-transform (VUV-FT) spectroscopy

with an accuracy as good as 0.01 cm 

−1 [40,41] . Deperturbation

analyses of the A 

1 � state in other isotopologues have been con-

ducted as well: Niu et al. [42] for 13 C 

16 O A( v = 0), Hakalla et al.

[43] for 12 C 

17 O A( v = 1 – 5), Hakalla et al. [44] for 13 C 

17 O A( v = 0

– 3) and Hakalla et al. [45] for 13 C 

18 O A( v = 0). These analyses

were carried out on the basis of experimental spectra obtained by

three complementary techniques: FT emission spectroscopy in the

VIS range with an accuracy of about 0.005 cm 

−1 , VUV-FT absorp-

tion spectroscopy based on synchrotron radiation with accuracy of

about 0.02 cm 

−1 and two-photon Doppler-free laser spectroscopy

with accuracy up to 0.003 cm 

−1 . Previous deperturbation analy-

ses of A 

1 � levels in 

12 C 

18 O, the isotopologue of present interest,

were carried out by Haridass et al. [26] for the v = 1 and 2 vibra-

tional levels based on A – X bands obtained with a 10.6 m vac-

uum grating spectrograph to an accuracy of 0.1 cm 

−1 ; Beaty et al.

[28] for the A( v = 0 – 9) levels based on the A – X spectra with

accuracy of 0.2 cm 

−1 recorded in a supersonic jet expansion ex-

periment; and Trivikram et al. [22] for the A( v = 0) level with an

accuracy of 0.001 – 0.005 cm 

−1 using the three complementary

techniques mentioned above. Thus, while a highly accurate deper-

turbation analysis exists for A( v = 0) in 

12 C 

18 O [22] , this class of

analysis has not been made for higher vibrational levels. 

The goal of the present study is to perform a new highly-

accurate deperturbation analysis of the A 

1 �( v = 1) level of 12 C 

18 O

in a continuation of high-precision analyses of the perturbed level

structure of the A 

1 � state for all carbon monoxide isotopologues.

This work is based on high-quality spectra obtained by two com-

plementary experimental techniques: FT emission spectroscopy in

the VIS range from a hollow-cathode tube and VUV-FT absorption

spectroscopy with synchrotron radiation. 

2. Experimental details and measurements 

2.1. VIS-FT spectroscopy (University of Rzeszów) 

An analysis of the B 

1 �+ → A 

1 � (0, 1), (1, 1) and C 

1 �+ → A 

1 �

(0, 1) bands in their respective spectral regions, 20,700 – 21,400

cm 

−1 , 22,700 – 23,000 cm 

−1 , and 25,700 – 26,100 cm 

−1 , was con-

ducted based on a spectrum obtained during a previous study de-

scribed in Ref. [22] . Here, we provide some brief information about

the experimental conditions. The emission spectrum of the 12 C 

18 O

bands was obtained using an air-cooled carbon hollow-cathode

lamp filled with isotopically enriched molecular oxygen (Sigma-

ldrich, 98.1% of 18 O 2 ) to a pressure of 3 mbar. A 54 mA electric

current flowed through the gas with a 780 V DC voltage applied to

the electrodes. 

The rotational temperature of intra-cathode plasma was deter-

mined to be 1100(50) K, and allowed for the recording of transi-

tions associated with rotational levels as high as J = 40, 22 and 31

for the B – A(0, 1), B – A(1, 1), and C – A(0, 1) bands, respec-

tively. This resulted in greater spectral line Doppler-broadening

(to 0.1 cm 

−1 full-width-at-half-maximum, FWHM) than in some

of our previous studies where the plasma temperature was only
bout 300 K [46–48] . Spectra of 12 C 

18 O were obtained by cou-

ling the emission from the hollow-cathode region unto a 1.71 m

ruker spectrometer (IFS 125-HR) working under vacuum condi-

ions, and installed at the University of Rzeszów [42,49] . The fi-

al spectrum was produced after acquiring 128 FT-scans conducted

ith an instrumental resolution of 0.018 cm 

−1 . The signal-to-noise

atios (SNR), achieved for the B – A(0, 1), C – A(0, 1) and B – A(1,

) bands were 80 : 1, 10 : 1 and 8 : 1, respectively. The spectra are

ontaminated by lines of 12 C 

16 O as a result of a small 16 O 2 impu-

ity in the gas mixture. 

Calibration of the frequency axis was carried out using the He-

e line (633 nm) from an FT internally-stabilised laser source, re-

ulting in an accuracy of 0.004 cm 

−1 (1 σ ). The centre frequencies

f spectral lines were determined by fitting Voigt profiles to the

xperimental spectrum. This resulted in estimated line frequency

ccuracies of 0.0 05, 0.0 08 and 0.01 cm 

−1 for isolated medium

o strong lines in the B – A(0, 1), B – A(1, 1) and C – A(0, 1)

ands, respectively, and poorer respective accuracies of 0.02, 0.03

nd 0.04 cm 

−1 for weak and/or blended lines. Figs. 1–3 show

igh-resolution spectra of these bands along with rotational as-

ignments and simulations obtained using the PGOPHER software

50,51] . Measured transition frequencies of the 12 C 

18 O B – A(0, 1),

 – A(1, 1), and C – A(0, 1) bands are listed in Tables 1–3 , while the

requencies of extra emission lines from B 

1 �+ ( v = 0), B 

1 �+ ( v = 1)

nd C 

1 �+ ( v = 0) to levels perturbing A 

1 �( v = 1) are presented in

able 4 . 

.2. VUV-FT spectroscopy (SOLEIL synchrotron) 

Vacuum-ultraviolet spectra containing the A 

1 �( v = 1) ← −
 

1 �+ ( v = 0), B 

1 �+ ( v = 0, 1) ← − X 

1 �+ ( v = 0), and C 

1 �+ ( v = 0)

 − X 

1 �+ ( v = 0) photoabsorption bands of 12 C 

18 O were recorded

n the DESIRS beamline at the SOLEIL synchrotron. Details of

he beamline, spectrometer, and high-temperature absorption cell

sed to collect the present data, and its reduction to accurate

ine frequencies are given previously [22,45,52–54] . Briefly, syn-

hrotron radiation is generated by an undulator insertion device

ith approximately 5 nm spectral bandwidth. A 9 cm-long MgF 2 -

indowed cell could be inserted onto the incident beam and filled

ith 

12 C 

18 O (contaminated with approximately 1% 

12 C 

16 O, 0.4%
2 C 

17 O, and 0.1% 

13 C 

16 O). MgF is transparent in the VUV down to
2 
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Table 1 

Transition frequencies of the 12 C 18 O B 1 �+ – A 1 �(0, 1) emission band obtained in the VIS-FT 

experiment. a 

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

1 20,722.67(2) b -0 .01 20,715.244(6) -0 .005 20,711.53(1) b -0 .01 

2 20,727.782(6) -0 .005 20,716.652(5) -0 .005 20,709.231(7) b -0 .004 

3 20,733.605(5) -0 .002 20,718.766(5) b -0 .002 20,707.635(5) -0 .001 

4 20,740.129(5) -0 .003 20,721.579(5) -0 .003 20,706.737(6) b -0 .003 

5 20,747.355(5) -0 .003 20,725.100(5) b -0 .002 20,706.545(5) b -0 .003 

6 20,755.286(5) -0 .001 20,729.322(5) -0 .003 20,707.058(5) -0 .003 

7 20,763.916(5) -0 .003 20,734.250(5) b -0 .004 20,708.275(5) -0 .002 

8 20,773.250(5) -0 .003 20,739.886(4) -0 .003 20,710.197(5) -0 .002 

9 20,783.287(5) -0 .003 20,746.235(4) -0 .004 20,712.826(5) -0 .002 

10 20,794.031(5) b -0 .004 20,753.319(5) b -0 .004 20,716.165(5) b -0 .002 

11 20,805.488(5) -0 .006 20,761.246(4) -0 .004 20,720.223(5) -0 .001 

12 20,817.699(5) -0 .008 20,767.691(5) b 0 .006 20,725.025(5) b 0 .001 

13 20,830.744(5) -0 .001 20,778.046(4) -0 .005 20,730.657(5) -0 .004 

14 20,845.408(5) 0 .006 20,788.033(5) 0 .001 20,737.939(5) 0 .002 

15 20,856.985(5) -0 .007 20,798.628(5) b 0 .001 20,742.134(5) -0 .007 

16 20,872.372(5) -0 .009 20,809.941(5) 0 .003 20,750.137(5) b -0 .003 

17 20,888.111(5) 0 .003 20,822.193(5) b 0 .008 20,758.494(5) -0 .003 

18 20,904.467(5) -0 .001 20,833.56(1) -0 .02 20,767.477(5) b -0 .007 

19 20,921.493(5) -0 .002 20,847.338(4) -0 .005 20,777.133(5) 0 .005 

20 20,939.201(5) -0 .002 20,861.443(4) -0 .005 20,787.476(5) b 0 .000 

21 20,957.599(5) -0 .002 20,876.193(5) -0 .003 20,798.519(5) b 0 .001 

22 20,976.694(5) b -0 .003 20,891.626(4) -0 .003 20,810.260(5) 0 .001 

23 20,996.488(5) -0 .002 20,907.758(5) -0 .003 20,822.705(5) -0 .001 

24 21,016.977(5) -0 .003 20,924.595(5) -0 .002 20,835.864(5) 0 .001 

25 21,038.183(6) b -0 .002 20,942.143(4) b -0 .001 20,849.742(5) 0 .001 

26 21,060.147(5) -0 .002 20,960.453(5) -0 .002 20,864.381(5) 0 .001 

27 21,084.141(9) b -0 .001 20,980.792(5) -0 .001 20,881.063(7) b 0 .002 

28 21,105.577(5) -0 .006 20,998.596(5) -0 .001 20,895.190(5) -0 .002 

29 21,129.660(6) 0 .003 21,019.041(5) 0 .001 20,911.961(5) 0 .001 

30 21,154.351(6) -0 .003 21,040.122(5) -0 .002 20,929.377(5) 0 .002 

31 21,179.736(9) b -0 .003 21,061.895(6) b 0 .000 20,947.481(5) -0 .002 

32 21,205.808(7) -0 .006 21,084.393(5) -0 .001 20,966.285(8) b 0 .001 

33 21,232.56(2) b -0 .01 21,107.642(5) 0 .003 20,985.805(9) b 0 .004 

34 21,260.09(2) b 0 .02 21,131.751(8) b 0 .003 21,006.023(6) -0 .001 

35 21,288.25(2) -0 .01 21,158.65(2) b 0 .01 21,026.94(2) b -0 .01 

36 21,317.14(2) b -0 .01 21,180.26(1) 0 .01 21,048.618(8) -0 .005 

37 21,346.73(2) -0 .01 21,206.630(7) 0 .001 21,071.00(2) b 0 .01 

38 - 21,233.451(7) 0 .006 21,094.092(9) -0 .002 

39 - 21,260.93(1) 0 .01 21,117.92(2) -0 .01 

40 - - 21,142.57(2) w 0 .01 

a In units of cm 

−1 . The instrumental resolution was 0.018 cm 

−1 . The uncertainties in parenthe- 

ses indicate 1 σ standard deviations being combinations of the random (fitting) and systematic 

(calibration) errors. The estimated absolute calibration uncertainty was 0.004 cm 

−1 . The absolute 

accuracy of the line frequency measurements was estimated to be 0.005 – 0.02 cm 

−1 depending 

on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 

Fig. 2. High-resolution emission spectrum of the 12 C 18 O B 1 �+ - A 1 �(1, 1) band as 

well as the 12 C 18 O B 1 �+ - a´3 �+ (1, 10) extra-lines recorded with the VIS-FT spec- 

trometer. Upper trace: experimental spectrum; the 12 C 16 O B 1 �+ - A 1 �(1, 1), C 1 �+ 

- A 1 �(0, 3) and 12 C 18 O C 1 �+ - A 1 �(0, 3) bands were treated as contamination 

during the analysis. Lower trace: simulation of the 12 C 18 O B 1 �+ - A 1 �(1, 1) band 

together with the 12 C 18 O B 1 �+ - a´3 �+ (1, 10) extra-lines, obtained with the PGO- 

PHER software [50,51] . 

Fig. 3. High-resolution emission spectrum of the 12 C 18 O C 1 �+ - A 1 �(0, 1) band 

as well as the 12 C 18 O C 1 �+ - a´3 �+ (0, 10) extra-lines recorded with the VIS-FT 

spectrometer. Upper trace: experimental spectrum; the 12 C 16 O C 1 �+ - A 1 �(0, 1) 

band was treated as contamination during the analysis. Lower trace: simulation of 

the 12 C 18 O C 1 �+ - A 1 �(0, 1) band together with the 12 C 18 O C 1 �+ - a´3 �+ (0, 10) 

extra-lines, obtained with the PGOPHER software [50,51] . 
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Table 2 

Transition frequencies of the 12 C 18 O B 1 �+ – A 1 �(1, 1) emission band obtained in the VIS-FT experiment. a 

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

1 - - - 

2 - 22,750.01(3) w -0 .01 22,742.71(4) w b 0 .01 

3 - 22,751.97(3) b -0 .03 22,740.99(2) w -0 .02 

4 22,772.90(3) w b -0 .02 22,754.59(3) b -0 .02 22,739.93(3) w b -0 .03 

5 22,779.87(3) w b 0 .01 22,757.87(2) b -0 .02 22,739.58(2) w 0 .01 

6 22,787.44(3) w -0 .01 22,761.81(1) -0 .02 22,739.86(3) w b 0 .02 

7 22,795.69(4) w b 0 .01 22,766.40(1) -0 .02 22,740.77(2) w -0 .01 

8 22,804.57(2) w -0 .01 22,771.646(9) -0 .009 22,742.36(5) w b -0 .01 

9 22,814.12(4) w b -0 .02 22,777.558(7) -0 .007 22,744.59(2) -0 .01 

10 22,824.32(3) b -0 .03 22,784.162(7) -0 .004 22,747.48(1) -0 .01 

11 22,835.21(2) -0 .02 22,791.54(1) -0 .02 22,751.06(2) -0 .01 

12 22,846.77(2) -0 .02 22,797.42(1) 0 .01 22,755.33(2) -0 .01 

13 22,859.14(2) -0 .01 22,807.133(7) 0 .003 22,760.38(3) b -0 .02 

14 22,873.07(4) w -0 .01 22,816.429(8) -0 .002 22,767.04(2) b 0 .03 

15 22,883.87(2) -0 .02 22,826.29(2) b -0 .01 22,770.53(2) -0 .02 

16 22,898.40(3) b -0 .04 22,836.82(2) b -0 .01 22,777.80(1) -0 .02 

17 22,913.28(2) -0 .01 22,848.236(8) 0 .001 22,785.38(2) -0 .01 

18 - 22,858.73(1) -0 .02 22,793.53(2) -0 .01 

19 - 22,871.57(1) -0 .02 22,802.30(2) 0 .01 

20 - - 22,811.71(2) -0 .01 

21 - 22,898.40(2) b -0 .03 - 

22 - - 22,832.49(3) w b 0 .01 

a In units of cm 

−1 . The instrumental resolution was 0.018 cm 

−1 . The uncertainties in parentheses indicate 1 σ stan- 

dard deviations being combinations of the random (fitting) and systematic (calibration) errors. The estimated absolute 

calibration uncertainty was 0.004 cm 

−1 . The absolute accuracy of the line frequency measurements was estimated to 

be 0.008 – 0.03 cm 

−1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 

Table 3 

Transition frequencies of the 12 C 18 O C 1 �+ – A 1 �(0, 1) emission band obtained in the VIS-FT experiment. a 

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

1 - 25,717.38(2) w -0 .01 25,713.66(4) w b -0 .03 

2 - 25,718.78(4) w b -0 .01 25,711.35(3) w -0 .03 

3 25,735.67(2) w -0 .01 25,720.84(2) b -0 .03 25,709.75(5) w b -0 .02 

4 25,742.14(2) w -0 .02 25,723.63(2) -0 .02 25,708.82(3) b -0 .02 

5 25,749.33(4) w b -0 .02 25,727.12(1) -0 .01 25,708.60(2) -0 .01 

6 25,757.20(2) -0 .01 25,731.30(2) b -0 .01 25,709.08(2) -0 .01 

7 25,765.77(3) b -0 .01 25,736.167(7) -0 .006 25,710.25(1) -0 .01 

8 25,775.05(2) b 0 .01 25,741.739(7) -0 .007 25,712.112(9) -0 .007 

9 25,785.01(2) b 0 .01 25,748.02(2) b -0 .01 25,714.68(2) b -0 .01 

10 25,795.65(2) b -0 .01 25,755.02(1) b -0 .02 25,717.951(8) -0 .006 

11 25,807.04(2) 0 .01 25,762.869(6) -0 .007 25,721.927(8) -0 .007 

12 25,819.11(2) b -0 .03 25,769.232(9) 0 .007 25,726.649(9) -0 .001 

13 25,832.06(2) 0 .01 25,779.49(1) b 0 .01 25,732.19(1) -0 .01 

14 25,846.62(2) w 0 .02 25,789.348(6) -0 .004 25,739.37(3) b 0 .01 

15 25,858.07(2) w -0 .02 25,799.833(6) -0 .002 25,743.450(9) -0 .009 

16 25,873.33(2) -0 .01 25,811.03(1) b 0 .01 25,751.33(1) -0 .02 

17 25,888.95(2) w 0 .01 25,823.152(7) 0 .005 25,759.58(1) -0 .01 

18 25,905.14(3) w b -0 .02 25,834.39(1) -0 .02 25,768.436(9) -0 .009 

19 25,922.03(2) w -0 .01 25,848.024(8) -0 .006 25,777.96(1) 0 .01 

20 25,939.61(2) w 0 .01 25,861.983(8) -0 .008 25,788.15(2) b -0 .02 

21 25,957.81(7) w b -0 .03 25,876.59(2) b -0 .01 25,799.05(2) b -0 .02 

22 25,976.74(6) w b -0 .03 25,891.86(3) b -0 .01 25,810.64(3) b -0 .02 

23 25,996.40(4) w 0 .01 25,907.83(2) -0 .01 25,822.94(2) -0 .01 

24 26,016.69(5) w b -0 .03 25,924.51(3) 0 .01 25,835.93(2) -0 .01 

25 - 25,941.87(2) w -0 .01 25,849.64(3) w b -0 .01 

26 - 25,960.01(3) b 0 .01 25,864.12(2) w 0 .01 

27 - 25,980.1 (1) w b -0 .1 25,880.6(1) w b 0 .1 

28 - 25,997.81(8) w b 0 .02 25,894.57(6) w b 0 .01 

29 - 26,018.03(5) w b -0 .01 25,911.16(2) w 0 .01 

30 - 26,038.94(6) w b 0 .01 25,928.38(6) w b 0 .01 

31 - - 25,946.27(6) w b -0 .03 

a In units of cm 

−1 . The instrumental resolution was 0.018 cm 

−1 . The uncertainties in parentheses indicate 1 σ stan- 

dard deviations being combinations of the random (fitting) and systematic (calibration) errors. The estimated absolute 

calibration uncertainty was 0.004 cm 

−1 . The absolute accuracy of the line frequency measurements was estimated to 

be 0.01 – 0.04 cm 

−1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 
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Table 4 

Extra-lines observed in the VIS-FT emission spectra. a , b , c 

J’’ r R 11 ee o-c r Q 11 ef o-c q Q 11 ef o-c p P 11 ee o-c r R 12 ee o-c p P 12 ee o-c p Q 13 ef o-c 

B 1 �+ - a ́3 �+ (0, 10) 

11 20,750.12(3) w b 0 .01 

12 20,772.151(6) b -0 .004 

13 

14 20,838.84(1) 0 .02 20,731.37(1) 0 .01 

15 20,867.39(2) -0 .03 

16 20,772.12(1) b -0 .04 

17 20,814.35(2) b 0 .02 

18 20,840.078(6) 0 .001 

B 1 �+ - D 

1 � (0, 1) 

27 21,080.21(2) -0 .02 20,976.877(7) b 0 .005 20,877.15(1) b 0 .01 

B 1 �+ - I 1 �−(0, 2) 

35 21,150.10(2) b -0 .01 

B 1 �+ - a ́3 �+ (1, 10) 

12 22,801.86(3) w b -0 .03 

…

14 22,866.50(6) w b 0 .02 22,760.432(4) w b -0 .005 

C 1 �+ - a ́3 �+ (0, 10) 

12 25,773.68(2) -0 .02 

…

14 25,732.79(3) w -0 .01 

C 1 �+ - D 

1 � (0, 1) 

27 25,976.25(7) w b -0 .01 

a In units of cm 

−1 . The uncertainties in parentheses indicate 1 σ standard deviations being combinations of the random (fitting) and systematic (calibration) errors. 
b Lines marked with b and/or w are blended and/or weak. 
c The branch-label subscripts e and f indicated the upper-/lower-state symmetry and superscripts p, q and r denote change in the total angular momentum excluding spin. 
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Table 5 

Transition frequencies of the 12 C 18 O A 1 � – X 1 �+ (1, 0) absorption band obtained in the VUV-FT exper- 

iment. a 

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

0 66,205.13(1) -0 .02 - - 

1 66,207.489(7) -0 .008 66,201.47(1) -0 .01 - 

2 66,209.185(7) -0 .009 66,200.164(7) -0 .009 66,194.15(1) -0 .02 

3 66,210.227(7) -0 .008 66,198.20(1) -0 .01 66,189.180(7) b -0 .008 

4 66,210.612(7) b -0 .008 66,195.577(7) -0 .009 66,183.553(7) -0 .009 

5 66,210.344(7) -0 .007 66,192.303(7) -0 .008 66,177.273(7) -0 .008 

6 66,209.42(1) b -0 .009 66,188.371(7) -0 .008 66,170.338(7) -0 .008 

7 66,207.838(7) -0 .009 66,183.784(7) -0 .008 66,162.751(7) -0 .007 

8 66,205.600(7) -0 .008 66,178.540(7) -0 .007 66,154.507(7) -0 .009 

9 66,202.699(7) -0 .008 66,172.628(7) -0 .007 66,145.612(7) -0 .009 

10 66,199.127(7) -0 .009 66,166.030(7) -0 .006 66,136.061(7) -0 .007 

11 66,194.86(1) -0 .01 66,158.638(7) -0 .005 66,125.850(7) -0 .008 

12 66,189.80(1) -0 .01 66,152.77(1) -0 .02 66,114.970(7) -0 .008 

13 66,183.15(1) -0 .02 66,143.05(1) -0 .02 66,103.40(1) -0 .01 

14 66,179.645(7) -0 .007 66,133.75(1) -0 .02 66,091.04(1) -0 .01 

15 66,172.370(7) -0 .007 66,123.88(1) -0 .02 66,077.09(1) -0 .02 

16 66,164.785(7) b -0 .006 66,113.33(1) -0 .02 66,066.290(7) -0 .007 

17 66,156.62(1) -0 .02 66,101.90(1) -0 .03 66,051.725(7) -0 .007 

18 66,147.83(1) -0 .01 66,091.405(7) 0 .005 66,036.855(7) -0 .006 

19 66,138.39(1) -0 .02 66,078.536(8) -0 .008 66,021.41(1) -0 .02 

20 66,128.31(1) -0 .02 66,065.393(8) -0 .008 66,005.35(1) -0 .01 

21 66,117.57(1) -0 .03 66,051.64(1) -0 .02 65,988.63(1) w -0 .02 

22 66,106.19(1) -0 .02 66,037.26(1) -0 .03 65,971.29(1) w -0 .02 

23 66,094.12(2) -0 .03 66,022.24(1) -0 .02 65,953.29(1) w -0 .03 

24 - 66,006.55(2) -0 .01 65,934.66(1) w -0 .02 

25 - 65,990.18(2) -0 .02 65,915.34(2) w -0 .03 

26 - 65,973.12(4) -0 .01 - 

a In cm 

−1 . The instrumental resolution was 0.08 cm 

−1 . The uncertainties in parentheses indicate 1 σ

standard deviations being combinations of the random (fitting) and systematic (calibration) errors. The 

estimated absolute calibration uncertainty was 0.007 cm 

−1 . The absolute accuracy of the line frequency 

measurements was estimated to be 0.001–0.04 cm 

−1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
 

s  

s  

N  

b

 

r  

t  

w  

T

X  

6  

←  

F  

c  

←  

0  

s  

a

 

m  

T  

a  

y  

t  

t  

t  

V  

d  

d  

t  

e  

t  
~ 115 nm. The transmitted signal is detected with the wavefront-

division, VUV-FT spectrometer which is a permanent end station

on the DESIRS beamline and has a maximum resolving power of

10 6 . For studying shorter wavelengths, the windowed cell can be

replaced with a windowless high-temperature cell limited to a

maximum column density by the requirements of maintaining the

beamline vacuum through differential pumping. The simple yet ef-

fective in-vacuum high-temperature absorption cell [55] consists

of a 40 cm - long 7.5 × 4.5 mm rectangular-cross section tube

wrapped with heating wire. This assembly is pressed within two

semi-cylindrical shells to improve the uniformity of heating and

the resulting rotational-excitation of CO gas measured in the cell

is found to be well-described by a Boltzmann population at a sin-

gle temperature. Multiple measurements were taken for each band

with column density and temperature ranging between 2 × 10 14 

and 6 × 10 16 cm 

−2 , and 300 or 900 K, respectively, in order to ac-

curately measure lines of both low- and high-rotational excitation

with moderate absorption depths. The recorded absorption bands

are analysed line-by-line with a full accounting of their lineshapes,

instrumental effects, and contaminating absorption by hot bands

and other isotopologues. 

An absolute frequency calibration is made uniformly to all mea-

sured spectra showing B 

1 �+ ← − X 

1 �+ and C 

1 �+ ← − X 

1 �+ by

comparison with a highly-accurate absolute measurement of the

Xe 5p 

6 -5p 

5 8s 2 [3/2] transition at 110 nm by Dreissen et al. [56] .

This line appears in our spectra because of a Xe gas-filter chamber

located upstream and used to remove higher-frequency harmonics

generated by the beamline undulator. Only the 132 Xe isotope was

studied by Dreissen et al. [56] , but a previous measurement resolv-

ing the isotope splitting of nearby Xe lines [57] indicates the error

introduced by using a pure 132 Xe standard to calibrate our natural-

abundance experimental mixture is negligible. Comparison of our

Xe-based frequency calibration with known overlapping lines of
2 C 

16 O B(0) ← − X(0) [58] shows agreement within 0.01 cm 

−1 . Our

pectra showing A 

1 �( v = 1) ← − X 

1 �+ ( v = 0) absorption were ab-

olutely calibrated against contaminating 12 C 

16 O with reference to

iu et al. [40] . We estimate our absolute frequency calibration to

e accurate to within 0.01 cm 

−1 . 

Fig. 4 shows representative spectra recorded for each band and

eveals uncomplicated 

1 �+ – 1 �+ and 

1 � – 1 �+ rotational struc-

ure. Weak absorption due to 12 C 

16 O appears in several cases and

as used to reinforce the frequency calibration of 12 C 

18 O bands.

he transition frequencies of lines in the A(1) ← − X(0), B(0) ← −
(0), B(1) ← − X(0), and C(0) ← − X(0) bands are given in Tables 5 ,

 , 7 , and 8 , respectively. Strong extra lines attributable to a’(10)

 − X(0) appear in the spectrum of A(1) ← − X(0), as shown in

ig. 4 and their wavenumbers are gathered in Table 9 . Apparent lo-

al perturbations of selected rotational transitions within the B( v )

 − X(0) and C(0) ← − X(0) bands have line shifts in the order of

.02 to 0.1 cm 

−1 and are too small to stand out in Fig. 4 . The 900 K

pectra also exhibit hot bands due to B(1) ← − X(1), B(2) ← − X(1),

nd C(1) ← − X(1). 

Results for the B(0) ← − X(0) band presented here are only

arginally different to our previous analysis of this band in

rivikram et al. [22] . The updated frequency calibration described

bove lead to an increase of all frequencies by 0.01 cm 

−1 . Our anal-

sis of the B ← − X and C ← − X absorption bands improves upon

he similar experimental study of Lemaire et al. [32] , also using

he DESIRS beamline. This re-analysis was necessary in order that

hese bands are known with a precision matching our measured

IS-FT B → A and C → A line frequencies (having uncertainties

own to 0.005 cm 

−1 ) and sufficient to resolve the local line shifts

ue to energy level perturbations affecting B( v ) and C(1) levels. In

he new analysis, the statistical B ← − X and C ← − X line-frequency

rrors are approximately 0.002 cm 

−1 , whereas the random scat-

ering of B(0), B(1), and C(0) energies in the previous work are
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Fig. 4. High-resolution absorption spectra recorded with the VUV-FT experiment at SOLEIL. Spectrum (a), showing 12 C 18 O A 1 � ← − X 1 �+ (1, 0), was recorded at room 

temperature and includes extra lines due the interaction between A(1) and a’(10). Spectra (b), (c), and (d), presenting the B 1 �+ ← − X 1 �+ (0, 0), B 1 �+ ← − X 1 �+ (1, 0), and 

C 1 �+ ← − X 1 �+ (0, 0) bands, are recorded at 900 K and include measurable absorption from X(1). Weak unassigned lines are due to contamination by 12 C 16 O. 
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pproximately 0.01, 0.01, 0.005 cm 

−1 , respectively, The improve-

ent was achieved using new absorption spectra recorded at an

mproved signal-to-noise ratio and by simultaneously fitting B(0),

(1), and C(0) level energies to spectra recorded at a range of tem-

eratures and pressures. Fitting upper-level energies directly, and

dopting fixed reference ground-state energy levels [59] , also per-

itted the correlated fitting of P - and R -branch lines with com-

on upper levels as well as the corresponding absorption to X(1)

ot bands. Higher- J rotational levels than previously analysed are

resent in the new high-temperature absorption spectra. We also
nd overall energy shifts for the B(0), B(1), and C(0) vibrational

evels relative to Lemaire et al. [32] , of -0.05, -0.05, and 0.025

m 

−1 , respectively, based on an absolute frequency calibration us-

ng the Xe reference data described above and benefiting from the

imultaneous self-consistent fitting of overlapping spectra cover-

ng all bands. Small irregularities in the level energy progressions

f 12 C 

18 O B 

1 �+ ( v = 0, 1) and C 

1 �+ ( v = 0) levels are indicated

n Fig. 5 . Here, term values are computed from the observed lev-

ls and plotted after subtraction of their general rotational depen-

ence as modelled by a polynomial in terms of J(J + 1) n . 
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Table 6 

Transition frequencies of the 12 C 18 O B 1 �+ – X 1 �+ (0, 0) absorption 

band obtained in the VUV-FT experiment. a 

J’’ R ( J’’ ) o-c P ( J’’ ) o-c 

0 86,920.41(1) 0 .02 - 

1 86,924.17(1) 0 .02 86,913.03(1) 0 .01 

2 86,927.97(1) 0 .02 86,909.42(1) 0 .02 

3 86,931.83(1) 0 .02 86,905.86(1) 0 .02 

4 86,935.74(1) 0 .02 86,902.34(1) 0 .02 

5 86,939.69(1) 0 .02 86,898.88(1) 0 .02 

6 86,943.69(1) 0 .02 86,895.46(1) 0 .02 

7 86,947.74(1) 0 .02 86,892.10(1) 0 .02 

8 86,951.83(1) 0 .03 86,888.78(1) 0 .02 

9 86,955.98(1) 0 .03 86,885.51(1) 0 .02 

10 86,960.16(1) 0 .03 86,882.30(1) 0 .03 

11 86,964.39(1) 0 .02 86,879.13(1) 0 .03 

12 86,968.68(1) 0 .02 86,876.01(1) 0 .02 

13 86,973.02(1) 0 .02 86,872.93(1) 0 .02 

14 86,977.39(1) 0 .02 86,869.92(1) 0 .02 

15 86,981.81(1) 0 .02 86,866.96(1) 0 .02 

16 86,986.27(1) 0 .02 86,864.03(1) 0 .02 

17 86,990.78(1) 0 .03 86,861.16(1) 0 .02 

18 86,995.33(1) 0 .02 86,858.34(1) 0 .02 

19 86,999.92(1) 0 .02 86,855.57(1) 0 .03 

20 87,004.56(1) 0 .02 86,852.84(1) 0 .02 

21 87,009.25(1) 0 .02 86,850.17(1) 0 .02 

22 87,013.98(1) 0 .02 86,847.54(1) 0 .02 

23 87,018.75(1) 0 .02 86,844.96(1) 0 .02 

24 87,023.55(1) 0 .01 86,842.44(1) 0 .02 

25 87,028.40(1) 0 .01 86,839.96(1) 0 .02 

26 87,033.29(1) 0 .01 86,837.53(1) 0 .01 

27 87,038.23(1) 0 .01 86,835.14(1) 0 .01 

28 87,043.21(1) 0 .01 86,832.81(1) 0 .01 

29 87,048.21(1) 0 .01 86,830.52(1) 0 .01 

30 87,053.26(1) 0 .01 86,828.29(1) 0 .01 

31 87,058.35(1) 0 .01 86,826.09(1) 0 .01 

32 87,063.47(1) 0 .01 86,823.95(1) 0 .01 

33 87,068.61(1) 0 .01 86,821.84(1) 0 .01 

34 87,073.84(1) -0 .01 86,819.79(1) b 0 .01 

35 87,079.07(1) 0 .01 86,817.76(1) 0 .01 

36 87,084.35(1) 0 .01 86,815.82(1) -0 .01 

37 87,089.64(1) -0 .01 86,813.90(1) b 0 .01 

38 87,094.98(1) -0 .01 86,812.04(1) 0 .01 

39 87,100.35(1) 0 .00 86,810.20(1) b -0 .01 

40 87,105.75(1) 0 .00 86,808.42(1) -0 .01 

41 87,111.20(1) 0 .00 86,806.68(1) b 0 .00 

42 87,116.66(1) 0 .00 86,804.98(1) 0 .00 

43 87,122.15(1) 0 .00 86,803.33(1) w 0 .00 

44 87,127.68(1) 0 .00 86,801.72(1) w 0 .00 

45 87,133.22(1) 0 .00 86,800.14(1) w 0 .00 

46 87,138.81(1) 0 .00 86,798.61(1) w 0 .00 

47 87,144.40(1) w 0 .00 86,797.11(1) w b 0 .00 

48 87,150.03(1) w 0 .00 86,795.67(1) w b 0 .00 

a In cm 

−1 . The instrumental resolution was 0.15 cm 

−1 . The uncertain- 

ties in parentheses indicate 1 σ standard deviations being combinations 

of the random (fitting) and systematic (calibration) errors. The esti- 

mated absolute calibration uncertainty was 0.01 cm 

−1 . The absolute ac- 

curacy of the line frequency measurements was estimated to be 0.003–

0.008 cm 

−1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 

 

 

 

 

 

 

 

 

 

 

Table 7 

Transition frequencies of the 12 C 18 O B 1 �+ – X 1 �+ (1, 0) absorption band 

obtained in the VUV-FT experiment. a 

J’’ R ( J’’ ) o-c P ( J’’ ) o-c 

0 88,953.86(1) -0 .01 - 

1 88,957.52(1) 0 .01 88,946.54(1) 0 .00 

2 88,961.18(1) 0 .01 88,942.87(1) -0 .01 

3 88,964.84(1) 0 .01 88,939.21(1) 0 .01 

4 88,968.50(1) 0 .01 88,935.55(1) 0 .01 

5 88,972.18(1) 0 .01 88,931.89(1) 0 .01 

6 88,975.84(1) 0 .01 88,928.23(1) 0 .01 

7 88,979.49(1) 0 .01 88,924.58(1) 0 .01 

8 88,983.15(1) 0 .02 88,920.93(1) 0 .01 

9 88,986.81(1) 0 .01 88,917.27(1) 0 .01 

10 88,990.46(1) 0 .02 88,913.61(1) 0 .02 

11 88,994.11(1) 0 .01 88,909.96(1) 0 .01 

12 88,997.76(1) 0 .02 88,906.30(1) 0 .02 

13 89,001.40(1) 0 .01 88,902.65(1) 0 .01 

14 89,005.05(1) 0 .01 88,899.00(1) 0 .02 

15 89,008.68(1) 0 .01 88,895.34(1) 0 .01 

16 89,012.31(1) 0 .01 88,891.69(1) 0 .01 

17 89,015.94(1) 0 .02 88,888.04(1) 0 .01 

18 89,019.56(1) 0 .01 88,884.38(1) 0 .01 

19 89,023.18(1) 0 .00 88,880.73(1) 0 .02 

20 89,026.78(1) 0 .01 88,877.07(1) 0 .01 

21 89,030.38(1) 0 .00 88,873.42(1) 0 .00 

22 89,033.97(1) 0 .00 88,869.76(1) 0 .01 

23 89,037.55(1) 0 .00 88,866.10(1) 0 .00 

24 89,041.11(1) 0 .00 88,862.43(1) 0 .00 

25 89,044.67(1) 0 .00 88,858.76(1) 0 .00 

26 89,048.22(1) 0 .00 88,855.09(1) 0 .00 

27 89,051.74(1) 0 .00 88,851.41(1) 0 .00 

28 89,055.26(1) 0 .00 88,847.73(1) 0 .00 

29 89,058.77(1) 0 .00 88,844.04(1) 0 .00 

30 89,062.26(1) 0 .00 88,840.35(1) 0 .00 

31 89,065.73(1) 0 .00 88,836.65(1) 0 .00 

32 89,069.18(1) 0 .00 88,832.95(1) 0 .00 

33 89,072.62(1) 0 .00 88,829.22(1) 0 .00 

34 89,076.02(1) 0 .00 88,825.50(1) 0 .00 

35 89,079.42(1) 0 .00 88,821.76(1) 0 .00 

36 89,082.77(1) 0 .00 88,818.01(1) 0 .00 

37 89,086.13(1) 0 .00 88,814.25(1) 0 .00 

38 89,089.45(1) 0 .00 88,810.46(1) 0 .00 

39 89,092.73(1) 0 .00 88,806.69(1) 0 .00 

40 89,096.00(1) 0 .00 88,802.89(1) 0 .00 

41 89,099.26(1) 0 .00 88,799.06(1) 0 .00 

42 89,102.42(2) 0 .00 88,795.23(1) 0 .00 

43 89,105.60(2) 0 .00 88,791.40(1) w 0 .00 

44 89,108.71(2) w 0 .00 88,787.48(2) w 0 .00 

45 89,111.81(3) w b 0 .00 88,783.59(2) w 0 .00 

46 89,114.85(3) w b 0 .00 88,779.65(2) w b 0 .00 

47 89,117.91(4) w b 0 .00 88,775.70(3) w b 0 .00 

48 - 88,771.71(3) w b 0 .00 

49 - 88,767.76(4) w b 0 .00 

a In cm 

−1 . The instrumental resolution was 0.15 cm 

−1 . The uncertain- 

ties in parentheses indicate 1 σ standard deviations being combinations 

of the random (fitting) and systematic (calibration) errors. The esti- 

mated absolute calibration uncertainty was 0.01 cm 

−1 . The absolute ac- 

curacy of the line frequency measurements was estimated to be 0.003–

0.04 cm 

−1 depending on the line intensity and blending. 
b Lines marked with b and/or w are blended and/or weak. 

s  

[  

l  

u  

l  

l  

D  

e  

t  

m  

e  
3. Deperturbation analysis 

The A 

1 � electronic state of carbon monoxide is extensively per-

turbed in all isotopologues as a result of interactions with several

electronic states: homogeneous spin-orbit interactions with the

a´3 �+ , e 3 �−, d 

3 � triplet states, and heterogeneous L - uncoupling

rotation-electronic interactions with the I 1 �− and D 

1 � singlet

states [39,60–62] . 

We assembled a preliminary model of these interactions in
12 C 

18 O that approximately reproduces the measured emission

and absorption ro-vibronic transitions of A 

1 �( v = 1) and the

extra forbidden lines attributed to levels perturbing A(1) and

thereby attaining some transition strength. Values of the neces-
ary molecular parameters are based on literature data for 12 C 

18 O

21,30,34,38,59,61,63–69] or isotopically scaled from other isotopo-

ogues and result in the level diagram shown in Fig. 6 . This fig-

re clearly identifies which level-crossings and nearby states are

ikely to perturb A 

1 �( v = 1). The potentially-perturbing vibrational

evels are e 3 �−( v = 0 - 4), d 

3 �( v = 3 - 7), a´3 �+ ( v = 8 - 12),

 

1 �( v = 0 - 2), I 1 �−( v = 0 - 4), and a ³�( v = 11 - 12). Matrix

lements for all possible spin-orbit and rotational interactions be-

ween these levels and A(1) were introduced into a comprehensive

odel and an evaluation made of their direct and indirect influ-

nce on the measured line frequencies. A summary discussion for
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Table 8 

Transition frequencies of the 12 C 18 O C 1 �+ – X 1 �+ (0, 0) ab- 

sorption band obtained in the VUV-FT experiment. a 

J’’ R ( J’’ ) o-c P ( J’’ ) o-c 

0 91,922.54(1) 0 .01 - 

1 91,926.28(1) 0 .01 91,915.17(1) 0 .01 

2 91,930.06(1) 0 .01 91,911.55(1) 0 .01 

3 91,933.89(1) 0 .02 91,907.97(1) 0 .01 

4 91,937.75(1) 0 .01 91,904.43(1) 0 .01 

5 91,941.66(1) 0 .01 91,900.93(1) 0 .02 

6 91,945.60(1) 0 .02 91,897.48(1) 0 .01 

7 91,949.59(1) 0 .02 91,894.06(1) 0 .01 

8 91,953.61(1) 0 .01 91,890.69(1) 0 .02 

9 91,957.68(1) 0 .02 91,887.36(1) 0 .02 

10 91,961.78(1) 0 .02 91,884.07(1) 0 .01 

11 91,965.92(1) 0 .01 91,880.83(1) 0 .02 

12 91,970.11(1) 0 .01 91,877.62(1) 0 .02 

13 91,974.33(1) 0 .02 91,874.46(1) 0 .01 

14 91,978.59(1) 0 .01 91,871.34(1) 0 .01 

15 91,982.89(1) 0 .01 91,868.27(1) 0 .02 

16 91,987.22(1) 0 .01 91,865.23(1) 0 .01 

17 91,991.59(1) 0 .01 91,862.24(1) 0 .01 

18 91,996.01(1) 0 .02 91,859.29(1) 0 .01 

19 92,000.46(1) 0 .02 91,856.38(1) 0 .01 

20 92,004.95(1) 0 .01 91,853.52(1) 0 .02 

21 92,009.47(1) 0 .01 91,850.71(1) 0 .02 

22 92,014.04(1) 0 .01 91,847.93(1) 0 .01 

23 92,018.64(1) -0 .01 91,845.19(1) 0 .01 

24 92,023.28(1) 0 .01 91,842.50(1) 0 .01 

25 92,027.95(1) -0 .01 91,839.85(1) -0 .01 

26 92,032.67(1) 0 .01 91,837.26(1) 0 .01 

27 92,037.41(1) -0 .01 91,834.69(1) -0 .01 

28 92,042.20(1) 0 .01 91,832.18(1) 0 .01 

29 92,047.02(1) 0 .01 91,829.71(1) -0 .01 

30 92,051.88(1) 0 .00 91,827.28(1) 0 .01 

31 92,056.77(1) 0 .00 91,824.90(1) 0 .01 

32 92,061.70(1) 0 .00 91,822.57(1) 0 .00 

33 92,066.67(1) 0 .00 91,820.26(1) 0 .00 

34 92,071.67(1) 0 .00 91,818.02(1) 0 .00 

35 92,076.70(1) 0 .00 91,815.82(1) w 0 .00 

36 92,081.78(1) 0 .00 91,813.65(1) w 0 .00 

37 92,086.88(1) 0 .00 91,811.54(1) w 0 .00 

38 92,092.02(1) w 0 .00 91,809.47(1) w 0 .00 

39 92,097.19(1) w 0 .00 91,807.44(1) w 0 .00 

40 92,102.39(1) w 0 .00 91,805.46(1) w 0 .00 

41 92,107.63(1) w 0 .00 91,803.52(1) w 0 .00 

42 - 91,801.62(1) w 0 .00 

43 - 91,799.77(1) w 0 .00 

a In cm 

−1 . The instrumental resolution was 0.15 cm 

−1 . The 

uncertainties in parentheses indicate 1 σ standard deviations 

being combinations of the random (fitting) and systematic 

(calibration) errors. The estimated absolute calibration un- 

certainty was 0.01 cm 

−1 . The absolute accuracy of the line 

frequency measurements was estimated to be 0.0 01–0.0 06 

cm 

−1 depending on the line intensity and blending. b Lines 

marked with b and/or w are blended and/or weak. 

Fig. 5. Reduced term values of the B( v ) and C( v = 0) levels computed from their 

measured line frequencies and the ground state energy levels of [59] , and after sub- 

traction of their J(J + 1) n dependence for n = 1, 2, and 3. Error bars indicate the 

estimated random standard error due to line fitting. 

Fig. 6. Diagram of the ro-vibronic terms in the surrounding (66,0 0 0 – 70,0 0 0 cm 

−1 ) 

region of A 1 �( v = 1). Labels indicate the electronic states and to their right - vi- 

brational quantum numbers. 

a  

h  

 

u  

c  

Table 9 

Extra-lines observed in the VUV-FT absorption spectra. a , b

J’’ p Q 11 fe o-c r R 21 ee 

a ́3 �+ – X 1 �+

12 66,148.318(7) 0.001 

13 66,189.729(

…

15 

a In units of cm 

−1 . The uncertainties in parentheses in

of the random (fitting) and systematic (calibration) error
b Lines marked with b are blended. 
c The branch-label subscripts e and f indicated the upp

denote change in the total angular momentum excluding
ll 47 interactions considered appears in Table 10 and only those

aving a meaningful influence are subsequently taken into account.

A final deperturbation analysis of 12 C 

18 O A(1) was conducted

sing a development version of the PGOPHER software [50,51] . The

onstraining experimental data consists of 626 transitions from the
 , c 

o-c p P 21 ee o-c 

 (10, 0) 

8) b -0.03 

66,083.668(8) -0.03 

dicate 1 σ standard deviations being combinations 

s. 

er-/lower-state symmetry and superscripts p and r 

 spin. 
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Table 10 

Interactions verified during the 12 C 18 O A 1 �( v = 1) deperturbation analysis. 

N o 
Tested 

interactions 

Nature of the 

perturbation 

Included in 

the fit Status a Characteristics of the interaction 

1 A 1 �( v = 1) ~a´3 �+ ( v = 8) Spin-orbit No - Negligible. 

2 ~a´3 �+ ( v = 9) " No - Negligible. 

3 ~a´3 �+ ( v = 10) ͘ " Yes Floated - 

4 ~a´3 �+ ( v = 11) " Yes Fixed Significant, nevertheless statistically unjustified (without 

meaningful correlations). 

5 ~a´3 �+ ( v = 12) " No - Negligible. 

6 ~e 3 �−( v = 0) " No - Negligible. 

7 ~e 3 �−( v = 1) " Yes Fixed Noticeable but very small influence. Statistically 

unjustified. If floated, it correlates with D of A(1) and 

< A(1)| LS |e(3) > and < A(1)| LS |d(5) > as well as causes 

correlations between < A(1)| LS |d(6) > and < A(1)| LS |e(1) > . 

8 ~e 3 �−( v = 2) " Yes Fixed Significant. It causes divergence of the fit If floated. 

9 ~e 3 �−( v = 3) " Yes Floated - 

10 ~e 3 �−( v = 4) " No - Negligible. 

11 ~d 3 �( v = 3) " No - Negligible. 

12 ~d 3 �( v = 4) " Yes Fixed Noticeable, but very small influence. Statistically 

unjustified. If floated, it correlates with D constant of 

A(1), < A(1)| LS |d(4) > , < A(1)| LS |d(5) > , and < A(1)| LS |d(6) > . 

13 ~d 3 �( v = 5) " Yes Floated - 

14 ~d 3 �( v = 6) " Yes Fixed Significant. If floated, the fitted value deviates 

significantly from the calculated one (anti-crossing 

appears too far from the experimental levels). 

15 ~d 3 �( v = 7) " No - Statistically unjustified. 

16 ~D 

1 �( v = 0) Rotation- 

electronic 

( L -uncoupling) 

No - Negligible. 

17 ~D 

1 �( v = 1) " Yes Floated - 

18 ~D 

1 �( v = 2) " No - Negligible. 

19 ~I 1 �−( v = 0) " Yes Fixed Significant, nevertheless statistically unjustified (without 

meaningful correlations). 

20 ~I 1 �−( v = 1) " Yes Floated - 

21 ~I 1 �−( v = 2) " Yes Floated - 

22 ~I 1 �−( v = 3) " Yes Fixed Small influence. If floated, it correlates with 

< A(1)| J + L - |I(1) > . 

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

24 d 3 �( v = 5) ~a´3 �+ ( v = 10) Spin-spin No - Noticeable but very small indirect influence on A(1). If 

floated, it correlates with < A(1)| LS |a ́(10) > . 

25 ~e 3 �−( v = 2) " No - Statistically unjustified (without meaningful correlations). 

26 d 3 �( v = 6) ~a´3 �+ ( v = 11) " No - Statistically unjustified (without meaningful correlations). 

27 ~e 3 �−( v = 3) " No - Statistically unjustified. If floated, it correlates with B and 

D constants of A(1) and < A(1)| LS |e(3) > and 

< A(1)| LS |d(5) > . 

28 a´3 �+ ( v = 10) ~e 3 �−( v = 2) Spin-orbit No - Statistically unjustified. If floated, it correlates with B and 

γ constants of a ́(10) and < A(1)| LS |a ́(10) > . 

29 a´3 �+ ( v = 11) ~e 3 �−( v = 3) " No - Statistically unjustified (without meaningful correlations). 

30 a 3 �( v = 11) ~d 3 �( v = 5) Spin- 

orbit/spin- 

electronic/ L - 

uncoupling 

No - Negligible indirect influence on A(1). 

31 ~d 3 �( v = 6) " No - Negligible indirect influence on A(1). 

32 ~e 3 �−( v = 2) " No - Negligible indirect influence on A(1). 

33 ~e 3 �−( v = 3) " No - Negligible indirect influence on A(1). 

34 ~a´3 �+ ( v = 10) " No - Negligible indirect influence on A(1). 

35 ~a´3 �+ ( v = 11) " No - Negligible indirect influence on A(1). 

36 ~I 1 �−( v = 1) Spin-orbit No - Negligible indirect influence on A(1). 

37 ~I 1 �−( v = 2) " No - Negligible indirect influence on A(1). 

38 ~D 

1 �( v = 1) " No - Negligible indirect influence on A(1). 

39 a 3 �( v = 12) ~d 3 �( v = 5) Spin-orbit 

/spin- 

electronic/ L - 

uncoupling 

No - Negligible indirect influence on A(1). 

40 ~d 3 �( v = 6) " No - Negligible indirect influence on A(1). 

41 ~e 3 �−( v = 2) " No - Negligible indirect influence on A(1). 

42 ~e 3 �−( v = 3) " No - Negligible indirect influence on A(1). 

43 ~a´3 �+ ( v = 10) " No - Negligible indirect influence on A(1). 

44 ~a´3 �+ ( v = 11) " No - Negligible indirect influence on A(1). 

45 ~I 1 �−( v = 1) Spin-orbit No - Negligible indirect influence on A(1). 

46 ~I 1 �−( v = 2) " No - Negligible indirect influence on A(1). 

47 ~D 

1 �( v = 1) " No - Negligible indirect influence on A(1). 

a "Fixed” means, that the parameter is constrained to the theoretical value during the final fit. 
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Fig. 7. Reduced ro-vibronic terms of the 12 C 18 O A 1 �( v = 1) level and its perturbers 

in the observed region. The presented A(1) terms were derived on the basis of the 

experimental data obtained in this work. The perturber terms were plotted on the 

basis of observed extra lines (solid lines) as well as on theoretical values calcu- 

lated using isotopic rescaling of the molecular parameters given in the literature 

(see Table 11 for details). 

Fig. 8. Percentage A 1 � character of the levels, which have meaningful influence on 

A 1 �( v = 1) in 12 C 18 O. The lower figure presents logarithm of the character. See also 

Table 10 for details. 

a  

J  

t  

l  

A  

f  

l  

a  

3  

e  
 

1 �+ – A 

1 �(0, 1), (1, 1) and C 

1 �+ – A 

1 �(0, 1) bands obtained by

IS-FT emission spectroscopy and the A 

1 � – X 

1 �+ (1, 0), B 

1 �+ –

 

1 �+ (0, 0), B 

1 �+ – X 

1 �+ (1, 0), and C 

1 �+ – X 

1 �+ (0, 0) bands

ecorded by VUV-FT absorption. The A(1) state and its perturbers

ere modelled with an effective Hamiltonian [50,51] , while the

 

1 �+ and C 

1 �+ upper states are retained as lists of term val-

es because of the unidentified perturbations responsible for their

eak energy level irregularities [19,22,32,45,49,70] (see also Fig. 5 ).

ore details of the procedure used for least-squares fitting line

requencies to simultaneous determination of the molecular con-

tants and term values are described in Refs. [71–74] . This pro-

edure means that the unmodelled perturbations affecting the B

nd C levels have no influence on the deperturbed molecular con-

tants of the A, a ,́ e, d, D, or I levels during the fits. Following this

nalysis, the A 

1 �( v = 1) level and its perturbers as well as the

 

1 �+ ( v = 0, 1) and C 

1 �+ ( v = 0) levels are described by a fitted

et of 157 independent parameters including: deperturbed molec-

lar constants for A 

1 �( v = 1), a´3 �+ ( v = 10), D 

1 � ( v = 1), and

 

1 �−( v = 2) levels; the A 

1 � ~ (a´3 �+ , e 3 �−, d 

3 �) spin-orbit in-

eractions and the A 

1 � ~ (D 

1 �, I 1 �−) L - uncoupling interactions,

arametrised by the η and ξ symbols, respectively, as well as term

nergies for the B 

1 �+ ( v = 0, 1) and C 

1 �+ ( v = 0) levels. The fit-

ed molecular parameters are presented in Tables 11 and 12 . The

otational operator in the PGOPHER Hamiltonian was taken as a

ower series expansion in the angular momentum operator ex-

luding spin ( ̂  N ). Definitions of the interaction parameters η and

are discussed in [43,45,49] and their relations to α and β per-

urbation parameters used in Refs. [26,28] are as follows: 

i = −αi 

√ 

3 , (1) 

A ∼I = −βA ∼I 

√ 

2 , (2) 

A ∼D = βA ∼D , (3) 

here the subscript i indicates A ~ d, A ~ e or A ~ a ́interactions. 

A matrix of parameter correlations was consulted at various

tages during the model fitting to determine which are indepen-

ently relevant and ensure the final selection of parameters has a

ow degree of mutual correlation. The root-mean-square error of

odel line frequencies in the final fit is 0.01 cm 

−1 and demon-

trates that the comprehensive perturbation model reproduces the

xperimental data very well. This value is also consistent with

he average measurement accuracy. Experimental term values of

 

1 �( v = 1), a´3 �+ ( v = 10), D 

1 �( v = 1), and I 1 �−( v = 2) are de-

ived and reported in Table 13 and plotted in reduced form versus

 ( J + 1) in Fig. 7 . 

The modelled intra-molecular interaction of each perturber

tate ro-vibrational e- and f- symmetry level with A 

1 �( v = 1) may

e expressed by its admixture of A 

1 � character as a percentage

 

2 
ik 

· 100% where C ik = 〈 �k | � i 〉 is the mixing coefficient extracted

rom the model eigenvectors of the diagonalised energy matrix in

ur final model. The mixing percentages are presented in Fig. 8

nd on a logarithmic scale to highlight the influence of states that

erturb A(1) only weakly. 

. Discussion 

The a priori identification of all states that could possibly per-

urb the A 

1 �( v = 1) level for rotational states up to J = 50 was

ade with the aid of Fig. 6 . Consideration was made not only for

evels exhibiting an anti-crossing with A(1) but also non-crossing

tates in the energetic vicinity. Following the final deperturbation

nalysis, the strongest interactions affecting A(1) are found to in-

olve the a´3 �+ ( v = 10), D 

1 �( v = 1) and I 1 �−( v = 2) levels, all

f which exhibit a marked anti-crossing with A(1). The onset of
n anti-crossing with the e 3 �−( v = 3) level is revealed at high

 . The interaction with d 

3 �( v = 5) occurs most intensively close

o the band origin and then smoothly disappears toward higher J -

evels. The d(6) and a ́(11) levels also exhibit an anti-crossing with

(1), but for very high J beyond our experimental range, thus

or these cases, flotation of the interaction parameters during the

east-squares fit is statistically unjustified. The A(1) level energies

re also significantly influenced by the non-crossing levels I(0, 1,

), e(1, 2), and d(4, 5). Among them, only the interactions param-

ters associated with I(1) and d(5) could be reliably floated in our
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Table 11 

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

Constant A 1 �( v = 1) 

A 1 �( v = 1) Ref. 

[28] 

A 1 �( v = 1) Ref. 

[26] a´3 �+ ( v = 10) 

a´3 �+ ( v = 10) 

Ref. [28] 

a´3 �+ ( v = 10) 

Ref. [26] a´3 �+ ( v = 11) 

T v 66,201.23405(387) 66,202.8438(72) 66,202.946(6) 66,288.54800(454) 66,288.138(36) 66,288.2(1) 67,277.64 h 

B 1.50674738(848) 1.506559(33) 1.50658(3) 1.1121020(283) 1.11359 1.1140(7) 1.10 i 

D ×10 6 6.78284(597) 6.65 6.8 5.68 i 5.81 5.7 5.67 i 

H ×10 12 -0.35 f -0.35 f 

λ -1.1645(63) -1.15 -1.1 -1.11 i 

γ × 10 2 -1.782(40) -0.72 -0.61 j 

η -5.02609(417) -5.014(28) g -5.04(2) g 

ηtheoret 
c -5.03 3.78 

δηd 0.03 

Constant D 

1 �( v = 1) D 

1 �( v = 1) Ref. 

[28] 

D 

1 �( v = 1) Ref. 

[26] 

I 1 �−( v = 0) I 1 �−( v = 1) I 1 �−( v = 2) I 1 �−( v = 2) 

Ref. [28] 

T v 66,454.7292(77) 66,453.21 66,461.2(9) 64,558.8768 h 65,604.21 h 66,630.075(24) 66,630.36 

B 1.17 k 1.17241 1.17241 1.200838 i 1.18 i 1.168014 i 1.16801 

D ×10 6 6.37 k 6.39 6.3 6.21 l 6.23 l 6.25 l 6.24 

H ×10 12 -0.26 l 2.59 f 2.59 f 2.59 f 

ξ×10 2 -7.023(16) 5.9 g -8.5(9) g 10.88(39) -8.054(21) 5.3 g 

ξ theoret ×
10 2 c 

-6.29 -7.99 9.41 -7.36 

δξ d 11.6 15.6 9.4 

Constant I 1 �−( v = 3) e 3 �−( v = 1) e 3 �−( v = 2) e 3 �−( v = 3) d 3 �( v = 4) d 3 �( v = 5) d 3 �( v = 6) 

T v 67,635.54 h 64,787.67 h 65,838.83 h 66,870.98 h 65,014.2 h 66,061.47 h 67,090.34 h 

B 1.15 i 1.20 i 1.18 i 1.16 i 1.18 i 1.16 i 1.14 i 

D ×10 6 6.26 l 6.18 i 6.14 i 6.10 i 5.98 i 5.86 i 5.84 i 

H ×10 12 2.59 f -1.73 f -1.73 f -1.73 f -0.69 f -0.69 f -0.69 f 

A -16.54 i -16.32 i -16.47 i 

A D ×10 5 -0.1 j -4.83 j -4.83 j 

λ 0.53 m 0.52 m 0.53 m 1.25 n 0.88 n 0.98 n 

γ × 10 2 -0.21 e -0.85 j -0.79 j -0.08 j 

η -4.686(287) 16.3582(414) 

ηtheoret 
c 18.97 12.75 -4.41 11.03 16.48 18.17 

δηd 6.2 0.7 

ξ theoret ×
10 2 c 

3.66 

a All values are in cm 

−1 , except for relative errors which are given in percentages. 
b Floated parameters during the model optimisation are given with uncertainties in parentheses (1 σ , in units of the last significant digit). All other parameters were fixed 

during the fitting procedure. All perturbation parameters refer to interactions with the A(1) level. Molecular constants of the 12 C 18 O X( v = 0) ground state were fixed to 

the values determined by Coxon and Hajigeorgiou [59] . 
c Theoretical spin-orbit and rotation-electronic interaction parameters calculated on the basis of isotopologue-independent perturbation parameters a and b (given by 

Hakalla et al. [43] for A~á and A~D interactions as well obtained using data from Ref. [61] for A~e, A~d and A~I perturbations) based on the Eqs.(1)-(5) from Ref. [49] and 

Eqs.(1)-(3) from this work. Calculations of the vibrational overlap integrals 〈 v A |v e,d,a ′ 〉 and rotational operator integrals 〈 v A | B ( R )| v I,D 〉 were calculated in this work based on 

Ref. [43] . 
d Relative error: difference between theoretical and experimentally determined values in terms of a percentage: δη = 

( ηtheoret −η) 
ηtheoret 

× 100% ; δξ = 

( ξtheoret −ξ ) 
ξtheoret 

× 100% 
e Taken from Ref. [22] . 
f Obtained by isotopic scaling of the values taken from Ref. [61] . 
g The η and ξ parameters have been calculated on the basis of the α and β given in Ref. [26] or [28] using Eqs. (1) - (3) . 
h Obtained by isotopic scaling of the values taken from Refs. [38,59,63] . 
i Obtained by isotopic scaling of the values taken from Ref. [38] . 
j Taken from Ref. [38] (in MHz), converted into cm 

−1 and isotopically scaled. 
k Obtained by isotopic scaling of the values taken from Ref. [64] . 
l Calculated in this work based on Ref. [61] and isotopic scaling procedure. 
m The isotopically scaled, diagonal spin-spin constant λ = -1.5 × C , where C was taken from Refs. [38,39] . 
n Calculated in this work on the basis of Ref. [38] and isotopic scaling procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

s  

i  

i  

B  

a  

A  

s  

–  

±
I  

l  

t

 

i  

a  
final deperturbation analysis, in accordance with their sufficiently-

small energetic separation from A(1) and sufficiently-large Franck-

Condon overlap with it. No significant direct interaction of A(1)

with the non-crossing a 3 �( v = 11, 12) levels in its immediate vicin-

ity is apparent in our data. The non-impact of A(1) ~ a(11, 12) in-

teractions is due to negligibly-small vibrational overlap integrals:

〈 v A (1) | v a (11) 〉 = 2 × 10 −5 , 〈 v A (1) | v a (12) 〉 = 6.1 × 10 −5 . Also, no indi-

rect influence on A(1) was found from possible interactions of the

a(11, 12) levels with other perturbing states that are themselves

coupled to A(1). All of the direct and indirect interactions that are

tested involving the A(1) level are listed in Table 10 and the results

of the fit are given in Table 11 . 

Electric dipole and spin-conservation selection rules forbid

transitions to any of the aforementioned states interacting with

A 

1 �( v = 1). Such transitions nevertheless derive some oscillator
trength from their interactions. There are 21 extra lines observed

n the present study, listed in Tables 4 and 9 , and the spin-orbit

nteraction A 

1 �( v = 1) ~ a´3 �+ ( v = 10) leads to spin-forbidden

 

1 �+ ( v = 0, 1) – a´3 �+ ( v = 10), C 

1 �+ ( v = 0) – a´3 �+ ( v = 10)

nd a´3 �+ ( v = 10) – X 

1 �+ ( v = 0) transitions. Similarly, the

 

1 �( v = 1) ~ D 

1 �( v = 1) L -uncoupling interaction leads to ob-

ervation of the B 

1 �+ ( v = 0, 1) – D 

1 �( v = 1) and C 

1 �+ ( v = 0)

D 

1 �( v = 1) transitions, which are prohibited by the ��= 0,

1 selection rule of electric-dipole transitions. The A 

1 �( v = 1) ~

 

1 �−( v = 2) L -uncoupling interaction leads to the observation of

ines of B 

1 �+ ( v = 0) – I 1 �−( v = 2) even though transitions be-

ween �+ and �−states are also forbidden. 

A dilution of the 1 � character of the observed A 

1 �( v = 1) level

s caused by its interaction with perturbing states in its vicinity

nd the percentage-mixing of 1 � character into these is presented
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Table 12 

Term values of the B 1 �+ ( v = 0, 1) and C 1 �+ ( v = 0) levels in 
12 C 18 O. a , b 

J B 1 �+ ( v = 0) B 1 �+ ( v = 1) C 1 �+ ( v = 0) 

0 86,916.687(8) 88,950.20(2) 91,918.83(2) 

1 86,920.394(5) 88,953.860(8) 91,922.531(7) 

2 86,927.815(4) 88,961.177(7) 91,929.940(8) 

3 86,938.945(4) 88,972.163(8) 91,941.045(8) 

4 86,953.785(3) 88,986.813(7) 91,955.848(6) 

5 86,972.336(3) 89,005.118(7) 91,974.362(6) 

6 86,994.595(3) 89,027.095(6) 91,996.574(6) 

7 87,020.563(3) 89,052.721(6) 92,022.482(5) 

8 87,050.236(3) 89,082.002(6) 92,052.093(6) 

9 87,083.616(3) 89,114.942(5) 92,085.406(6) 

10 87,120.699(3) 89,151.542(5) 92,122.409(6) 

11 87,161.485(3) 89,191.790(6) 92,163.111(5) 

12 87,205.969(3) 89,235.700(6) 92,207.509(5) 

13 87,254.167(3) 89,283.246(4) 92,255.600(6) 

14 87,306.053(3) 89,334.451(5) 92,307.371(5) 

15 87,361.631(3) 89,389.302(6) 92,362.839(5) 

16 87,420.904(3) 89,447.792(6) 92,421.995(6) 

17 87,483.872(3) 89,509.922(6) 92,484.833(5) 

18 87,550.516(3) 89,575.689(5) 92,551.347(6) 

19 87,620.857(3) 89,645.097(6) 92,621.544(6) 

20 87,694.881(3) 89,718.149(8) 92,695.425(6) 

21 87,772.584(3) 89,794.808(8) 92,772.983(7) 

22 87,853.963(3) 89,875.106(8) 92,854.201(7) 

23 87,939.020(3) 89,959.022(8) 92,939.092(7) 

24 88,027.748(3) 90,046.556(9) 93,027.650(8) 

25 88,120.137(3) 90,137.706(9) 93,119.871(7) 

26 88,216.191(4) 90,232.465(9) 93,215.741(9) 

27 88,315.905(4) 90,330.832(9) 93,315.282(9) 

28 88,419.270(4) 90,432.796(9) 93,418.462(8) 

29 88,526.296(4) 90,538.363(9) 93,525.296(9) 

30 88,636.968(4) 90,647.522(9) 93,635.779(9) 

31 88,751.273(4) 90,760.279(9) 93,749.899(9) 

32 88,869.224(5) 90,876.603(9) 93,867.644(9) 

33 88,990.802(4) 90,996.511(9) 93,989.035(9) 

34 89,115.990(6) 91,119.995(9) 94,114.049(9) 

35 89,244.852(6) 91,247.038(9) 94,242.684(9) 

36 89,377.302(6) 91,377.650(9) 94,374.937(9) 

37 89,513.374(6) 91,511.799(9) 94,510.810(9) 

38 89,653.046(6) 91,649.528(9) 94,650.282(9) 

39 89,796.327(7) 91,790.79(1) 94,793.358(9) 

40 89,943.195(9) 91,935.57(1) 94,940.033(9) 

41 90,093.653(9) 92,083.90(1) 95,090.295(9) 

42 90,247.710(9) 92,235.78(2) 95,244.148(9) 

43 90,405.339(9) 92,391.10(2) 

44 90,566.527(9) 92,549.98(2) 

45 90,731.296(9) 92,712.33(2) 

46 90,899.610(9) 92,878.20(3) 

47 91,071.50(1) 93,047.54(3) 

48 91,246.90(2) 93,220.41(4) 

49 91,425.85(2) 

50 

a In cm 

−1 . 
b Obtained in the final deperturbation analysis using a least- 

squares fitting procedure for the simultaneous determination of the 

molecular constants and term values (described in details in Refs. 

[71–74] ) and PGOPHER software modified according to this purpose 

[50] . The uncertainties in parentheses indicate the random (fitting) 

errors of the terms. 
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n Fig. 8 . The largest mixing occurs for the D 

1 �( v = 1) level (41%
 � admixture for both F 1e and F 1 f levels at J = 27), the F 1 f compo-

ent of I 1 �−( v = 2) (34% at J = 35) as well as the F 2 e component

f a´3 �+ ( v = 10) (26% at J = 14). Smaller admixtures occur for the

 1 f and F 3 f components of the a´3 �+ ( v = 10) level (~18% at J = 12

nd ~5% for J = 17 to 18, respectively) and for all components of

he d 

3 �( v = 5) level (~1% for J = 1 to 3). The 1 � character of

 

1 �( v = 1) is commensurately decreased as a result of this state-

ixing. As shown in Fig. 8 , the A 

1 �( v = 1) and d 

3 �( v = 5) lev-

ls that do not exhibit an anti-crossing are most strongly mixed
t low J , while their interaction gradually decreases toward higher

otational levels. 

Many B – A(1, 1) and C – A(0, 1) lines are weak and/or blended:

5% in C – A(0, 1), 41% in B – A(1, 1) and 36% in B – A(0, 1);

nd have relatively uncertain frequencies. Their influence on the

eperturbation analysis was then tested. Simulations neglecting all

lended and weak lines of the aforementioned bands were per-

ormed and resulted in standard deviations of molecular constants,

erturbation parameters, and terms as well as the overall RMS er-

or that are worse than in the primary deperturbation analysis.

his confirms that our model of these singlet states is very “soft”

nd every line, whether blended or weak, is significant. 

The term values of A 

1 �( v = 1) ro-vibrational levels and its

erturbers are extracted from the experimental frequencies by

he addition of ground state rotational energies, and are plot-

ed in a reduced form in Fig. 7 that highlights local perturrelba-

ions.The largest term energy shift (approx. 2.8 cm 

−1 ) occurs for

he rotation-electronic ( L -uncoupling) interaction between A(1) ~ I

2) at J = 35. This occurs despite: ( i ) the vibrational overlap inte-

ral 〈 υA (1) 
̂ | B (R ) | υI(2) 〉 = -0.4588 cm 

−1 having a smaller magnitude

han between A(1) and D(1)( 〈 υA (1) 
̂ | B (R ) | υD (1) 〉 = -0.5706 cm 

−1 );

 ii ) the distance between A(1) and I(2) levels at J = 35 being

arger (approximately 2.9 cm 

−1 ) than the corresponding distance

etween A(1) and D(1) at J = 27 (approximately 0.9 cm 

−1 ). This

s a result of a quadratic J -dependence of the heterogeneous A(1)

D(1) and A(1) ~ I(2) interactions. Also, the maximum energy-

evel perturbation of A(1) due to its spin-orbit interaction with

´3 �+ ( v = 10) is 2 cm 

−1 and occurs at J = 12. This is smaller than

he maximum shift due to I(2), despite the near-degeneracy of the

(1) and a ́(10) J == 12 levels, separated by 2.8 cm 

−1 , because their

ibrational-overlap integral, -0.1388, is less than for A(1) and I(2). 

The deperturbed molecular constants of A 

1 �( v = 1),

´3 �+ ( v = 10), D 

1 �( v = 1), and I 1 �−( v = 2) and their intra-

olecular interaction parameters are collected in Table 11 . The

esulting fitted values were obtained from a Hamiltonian expressed

n terms of the rotational operator ˆ N for total angular momentum

xcluding spin, in accordance with IUPAC recommendations [75] .

hen comparing our results with those presented in Refs. [26,28] ,

t should be remembered that the latter are calculated with a

amiltonian in terms of ˆ R , the operator for rotational angular mo-

entum of the nuclear framework. The difference when switching

rom 

ˆ R to ˆ N operators relates mainly to an energy-level ( T v ) shift

f B �2 , and rotational constant ( B ) change of 2 D �2 [ 51 , 76 ]. 

Some of the molecular parameter uncertainties in Table 11 are

resented with more than two-digits after consideration of a mea-

ure of the overall sensitivity of the least-squares fit to these pa-

ameters, as defined by Watson [77] . The sensitivity S j is defined

s a change in a parameter value that increases the overall er-

or of the fit by a factor by no more than 0.1/n par , where n par 

s the number of the floated parameters and provides a useful

uide as to how many digits should be quoted for the parameter

o ensure that calculations can be reproduced. The number of pa-

ameter digits generated by the PGOPHER program used here are

ased on the S j sensitivity but, if necessary, increased to 10 times

he least-squares estimated standard error. Alternatively, reference

78] describes a sequential rounding and refitting procedure aimed 

t avoiding the publication of parameters to non-physical precision

51] . 

Small irregularities in the level energy progressions of 12 C 

18 O

 

1 �+ ( v = 0, 1) and C 

1 �+ ( v = 0) levels are presented in Fig. 5 .

he deviations of particular J levels are evident in our results and

ndicate local interactions near J = 12 and 34 for B( v = 0), and

 = 6 for B( v = 1) with multiple unobserved states. These pertur-

ations do not correlate well with the term value deviations found

y Lemaire et al. [32] . We attribute this to the noise level of [32]
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Table 13 

Term values of the A 1 �( v = 1) level and its perturbers in 12 C 18 O. a , b 

J A 1 �( v = 1) D 1 �( v = 1) a´3 �+ ( v = 10) I 1 �−( v = 2) 

F 1 e F 1 f F 1 e F 1 f F 1 f F 2 e F 3 f F 1 f 

1 66,205.133(1) 66,205.135(1) 

2 66,211.151(1) 66,211.150(1) 

3 66,220.170(1) 66,220.168(1) 

4 66,232.198(1) 66,232.195(1) 

5 66,247.230(1) 66,247.227(1) 

6 66,265.269(1) 66,265.263(1) 

7 66,286.309(1) 66,286.302(1) 

8 66,310.355(1) 66,310.341(1) 

9 66,337.402(1) 66,337.371(1) 

10 66,367.443(1) 66,367.371(1) 

11 66,400.467(1) 66,400.231(1) 66,411.36(3) 

12 66,436.451(1) 66,438.264(1) 66,433.816(7) 

13 66,475.299(1) 66,476.105(1) 

14 66,516.209(1) 66,518.009(1) 66,522.804(5) 

15 66,563.906(1) 66,562.992(1) 66,553.51(3) 

16 66,611.485(1) 66,610.948(1) 66,589.511(9) 

17 66,662.401(1) 66,661.664(1) 66,669.53(2) 

18 66,716.379(2) 66,716.951(2) 66,710.438(9) 

19 66,773.378(3) 66,773.507(3) 

20 66,833.362(4) 66,833.427(4) 

21 66,896.344(6) 66,896.370(6) 

22 66,962.30(1) 66,962.314(7) 

23 67,031.25(1) 67,031.25(1) 

24 67,103.13(2) 67,103.14(2) 

25 67,178.007(6) 67,177.98(2) 

26 67,255.757(6) 67,255.73(4) 

27 67,335.128(8) 67,335.113(8) 67,339.05(1) 67,339.03(1) 

28 67,420.717(6) 67,420.674(8) 

29 67,507.308(6) 67,507.255(8) 

30 67,596.920(6) 67,596.846(8) 

31 67,689.487(7) 67,689.38(1) 

32 67,784.991(8) 67,784.831(9) 

33 67,883.42(2) 67,883.160(9) 

34 67,984.776(9) 67,984.24(2) 

35 68,089.06(2) 68,086.20(2) 68,094.75(3) 

36 68,196.24(2) 68,197.04(2) 

37 68,306.31(2) 68,306.74(2) 

38 68,419.59(2) 

39 68,535.40(2) 

a In cm 

−1 . The uncertainties in parentheses indicate the random (fitting) errors of the terms. The calibration error is 0.007 cm 

−1 . 
b Merged on the basis of: the 12 C 18 O A _ X(1, 0), B _ A(0, 1), B _ A (1, 1), and C _ A(0, 1) bands as well as B(0), B(1), C(0) term values obtained 

in this work. 
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being somewhat greater than the magnitude of energy perturba-

tions. The confirmation of additional smaller deviations possibly

occurring for B(0), B(1) and C(0) and the identification of the per-

turbing states responsible await a comparison with similar known

effects in other isotopologues: 13 C 

18 O [45] , 12 C 

18 O [22] , 13 C 

17 O

[49] , 12 C 

16 O and 

14 C 

16 O [70] , and 

13 C 

16 O [19] . The remeasurement

of B – X and C – X bands made here is evidently necessary to ob-

serve the weak perturbations present. 

5. Conclusion 

Using complementary Fourier-transform spectroscopy tech-

niques in the visible and vacuum-ultraviolet, a data set of 6 bands

of the 12 C 

18 O isotopologue were obtained, specifically, B 

1 �+ –

A 

1 �(0, 1), (1, 1) and C 

1 �+ – A 

1 �(0, 1) in emission and A 

1 � –

X 

1 �+ (1, 0), B 

1 �+ – X 

1 �+ (0, 0), (1, 0), and C 

1 �+ – X 

1 �+ (0, 0) in

absorption. In total, 626 transitions including 21 extra-lines were

included in a deperturbation analysis of the 12 C 

18 O A 

1 �( v = 1)

level. As a result, 157 deperturbed parameters were obtained, in-

cluding: molecular constants and term values for A(1), a ́(10), D(1),

I(2); the spin-orbit and rotation-electronic ( L - uncoupling) interac-

tion parameters mixing A(1) and its perturbers; and term values

for B(0), B(1), and C(0). These term values and fitted parameters

are significantly more accurate than in previous analyses of this

isotopologue. In conclusion, the deperturbation of the A 

1 �( v == 1)
tate of 12 C 

18 O contributes to unravelling the complex series of

erturbations affecting this benchmark diatomic molecule. 
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