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Abstract

More than 19700 transitions belonging to eleven isotopologues of carbon dioxide have
been assigned in the room temperature absorption spectrum of Highgnriched carbon
dioxide recorded by very high sensitivity CW-Cavity Ring Down spectroscopy between 5851
and 6990cm™ (1.71-1.43um). This third and last report is devoted to the analysis of the
bands of five'’O containing isotopologues present at very low concentration in the studied
spectra *°0™C'’0, '0*C*®0, °%0c'’0, Y'0c*®0 and**C'’0, (627, 728, 637, 738 and
727 in short hand notation). On the basis of the predictions of effective Hamiltonian models, a
total of 1759 1786, 335, 273 and 551 transitions belonging to 24, 24, 5, 4 and 7 bands were
rovibrationnally assigned for 627, 728, 637, 738 and 727, respectively. For comparison, only
five bands were previously measured in the region for the 728 species. All the identified

bands belong to th&P= 8 and 9 series of transitions, where- 2v, + Vv, + 3v, is the polyad

number ¥, are vibrational quantum numbers). The bagéand analysis has allowed
deriving accurate spectroscopic parameters of 61 bands from a fit of the measured line
positions. Two interpolyad resonance perturbations were identified.

Using the newly measured line positions and those collected from the literature, the
global modeling of the line positions within the effective Hamiltonian approach was
performed and a new set of Hamiltonian parameters was obtained foraHe'o,
%030 and t'0'*c!®0 isotopologues. For the five studied isotopologues, the effective
dipole moment parameters of thé®= 8 and 9 series were derived from a global fit of the
measured line intensities. The obtained results will be used for the improvement of the quality
of the line positions and intensities in the most currently used spectroscopic databases of

carbon dioxide.



1. Introduction

This contribution is the third and last one devoted to the analysis of the absorption
spectrum of*®0 enriched carbon dioxide highly that we recordigdvery high sensitivity
CW-Cavity Ring Down spectroscopy (CW-CRDS) between 5851 and 6990(tm1-1.43
um) [1,2]. In a first report, the analysis and modeling of t98%C*°0 line positionsand line
intensities were published [1]. The second contribution was devoted to three multiply
substituted isotopologued’C*®0,, *c*®0, and *°0'3c'®0 [2]. This paper deals with the
analysis and theoretical modelling of the spectra’®f containing isotopologues?C*’O,,
%otcto, otact®o, *0Mct’0 and’0¥c™0. Indeed, the used sample presented not only
high %0 enrichment (more than 50 % of the oxygen atoms) but also a significant enrichment
in O (about 2 %). Although very small (between 2%1@nd 2x10), the relative
concentrations of the five studi€dO isotopologues were significantly higher than their
natural values. Thi§’O enrichment combined with the very high sensitivity of the recorded
spectra (routine sensitivity better than 1%16m?) has allowed for the detection of a large
amount of new bands for the five above listé@ isotopologues. This last contribution is

devoted to their assignment and analysis.

2. Experiment

Our fibered CW-CRDS spectrometer is described in detail in Ref. [3] while the data
acquisition has been presented in Ref. [1]. The routine sensitivity of the recordings ranges
between 4x18"' and 1x13°cm* as illustrated on Fig. 1.

Two series of spectra were recorded for pressure values of 0.20 and 5.0 Torr. The
temperature of the different recordings was observed to vary by +0.5 K around an average
value of 295.9 K. The COsample (from Sigma-Aldrich) has a stated chemical purity better
than 99.9 % while the stated relative abundance of the oxygen &oM®: 47.3%,0:

2.0% and®0: 50.7%. The relative abundances of the five isotopologues studied in this paper
are presented in Table 1. They were obtained assuming a statistical distribution of the O
atoms in the various GQsotopologues. The validity of this assumption can be tested using
the intersities of the 2925C*0, lines and 662°C*0; lines identified in the spectrum.
Using their corresponding intensities provided in the HITRAN database, we found that the
12c™%0, relative abundance agrees within 7 % with its calculated statistical value (22.15 %).
The **C'®0, relative abundance was found in excellentagreement (deviation less than 1 %)
with its statistical value based on a “natural” **C/**C relative abundance.

The spectra were calibrated with the help of a wavelength meter and highly accurate

reference positions of Gand HO lines (present as impurities) as provided by the HITRAN
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database [4 The uncertainty of the wavenumber calibration is believed to be less thaff 1x 10
cm’. The line centers and intensities were determined using an interactive least squares multi-

line fitting program assuming a Voigt function for the line profile (see Ref. [1] for details).
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Fig. 1. CRDS spectrum of carbon dioxide enriched® at a pressure of 0.20 Torr. The
branch of the 11122-00001 band"&£'°0, at 6537.102m* is observed superimposed to the
newly ob&ved strongR branch of the 11122-00001 band"¥"“C*’0 at 6505.3@m™.

Table 1. Relative isotopic abundances of the ft/® isotopologues o0, in the studied
sample

Isotopologue Abundance (in %)

12cto, (727) 0.040
1%0ct’o (627) 1.87
otct®o (728) 2.01
%otct’o (637) 0.020
o'ct®o (738) 0.020




3. Rovibrational assignment
The high dynamics on the intensity scale provided by the CRDS technique and the

used of two pressure samples allowed detecting lines with intensities ranging over five orders
of magnitude. As a result, the resulting global line list includes more than 2006s

(about 17 lines/ci) which made the assignment particularly laborious. The spectral
congestion illustrated in Fig. 2, is due to the superposition of lines of eleven of the twelve
stableCO, isotopologues (only*C*’O, lines could not be identified) and trace gas species
present as impurities in the sample. By comparison with Refs. [4,5], lines of the various
oxygen isotopologues of CO and:®of methane (near 6000 dnand even 15 lines of
hydrogen cyanide (near 6500 ¢mwere identified. The estimated abundance values of the

identified impurities are given in Table 2. Their overall concentration is on the orddr %
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Fig. 2. CW-CRDS spectrum o0 enriched carbon dioxide recorded at 5 Torr near 6033
cm™. In the 1 crit wide displayed interval, lines due to six isotopologues are assigned.

The assignments were carried out on the basis of the prediction of the global effective
Hamiltonian (EH) model [6,7,8]. The parameters of the effective Hamiltonians for the
%0170 and*®0™Ct’0 isotopologues were taken from Ref. [9] and Ref. [10], respectively,
and those for thé*C'’0,, '0™C'®0 and *'O™C'®0 isotopologues were obtained using
isotopic extrapolation method presented in Ref.].[11ne intensity predictions were also
crucial in the assignment process. In the case ohfe9 series of transitions, line intensities
were calculated using the respective effective dipole moment (EDM) parameters of the
principal isotopologue [12] whereas in the case of Alfe= 8 series of°0™CY’O and

707c80, the calculated relative intensities were used.



Table 2. Impurities identified in the studied spectrum between 5851 and 6990wdth
corresponding number of lines and relative concentrstion

Impurities\ Number of observed transitioﬂ Relative abundance (x1p
Carbon monoxide
1zcto 23 1.5
o 15 0.25
12ct%0 32 6.9
Water
H,'°0 789 0.38
H,'%0 200 3.4
H,''0 29 0.35
HD™ 0 217 0.65
Methane
2CH, 26 1.6
12CH;D 22 0.9

Table 3. Comparison of the number of transitions and bands?6t’0,, °0"C'0,
Yot7c!8o, *0Ct’0 and''0MC®0 reported in the literature and obtained in this work in the
5851-6990cm* region.

Isotopologue Previous/This work Technique/enrichment Numl:_)_er of | Number of
transitions bands
eocl’o Lyulin et al. [L3] FTS/*0 and™0 731 8
Perevalov et allf4] CW-CRDS/ natural 767 11
Thiswork CW-CRDY 0 1759 24
17 ~12~18 X. de Ghellinck d’Elseghem 17
o*¥c*o Vaernewiick et al. 15%16] OPO-FemtoFT-CEAY 'O 261 4
Lyulin et al. [13] FTS/Y0 and™®0 314 4
Thiswork CW-CRDY **0 1786 24
®o®cto Perevalov et all0] CW-CRDS/ natural anifC 115 2
Perevalov et all[7] CW-CRDS/*C 404 11
Ding et al.[L§] CW-CRDS/*C 266 3
Perevalov et al19] CW-CRDS/natural aniC 249 3
Thiswork CW-CRDY **0 335 5
oBc®o Perevalov et all[7] CW-CRDS/C 130 3
Thiswork CW-CRDY 0 273 4
zcto, Lyulin et al. [L3] FTS/*0 and™0 621 7
X. de Ghellinck d’Elseghem 17
Vaernewiick et al. 15‘%16] OPO-FemtoFT-CEAY 'O 398 4
Thiswork CW-CRDY **0 551 7
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Fig. 3. Overview comparison between the transitions'@"C'®0, *0**c'’o, *c’o,,

%0130 and Y'0™C®0 assigned in the present study between 5850 and 700((lefn
panels) and the corresponding spectra predicted within the framework of the effective
operator approach (right panels). Line intensities correspond to the relative abundance of the
various isotopologues in our sample (see Table 1).

Fig. 3 shows an overview comparison between the observed and predicted spectra of the

five considered isotopologues. The experimental line lists are provided as Supplementary
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Material. They include the rovibrational assignments and the positions and intensities
calculated after a new fit of the EH and EDM parameters (see Sections 5 and 6). Table 3
compares to the present results the numbers of bands and transitions previously reported in
the literature.

Overall, 1759'°0"C!0O transitions belonging to 2dands were assigned. The overall
list is showed on Fig. 4 where previous observations by Fourier Transform Spectroscopy
(FTS) of highly 'O enriched carbon dioxide [13] and IBW-CRDS of natural carbon
dioxide [14 are highlighted. Eight of these bands were previously reported by both FTS and
CW-CRDS and three additional bands were reported only 0WRCRDS spectra. Among
the newly observed bands, note the two perpendicular bands: 11121-00001 and 11122-00001
at 6646.94 and 6505.30 Cirespectively. The new detection of these bands in the 0.20 Torr
spectra (see Fig. 1) while tH8O™CYO relative abundance is only about 2 % is a nice
illustration of the sensitivity of the analyzed spectra. Fig. 4 shows that a large amount of the

new lines are high rotational transitions of the previously observed bands.
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Fig. 4. Overview of the'®0"“C'’O observations between 5850 and 7000 cfthe previous
observations by FTS and CW-CRDS [13,14] are highlighted (crosses) and superimposed to
the present CW-CRDS measurements. Line intensities are giveif6€’0 in natural
relative abundance (7.34x10

1786 transitions belonging to »4nds were assignéd 1’0'*C*®0 (Fig.5). Only five
of them were previously reported frolfO enriched carbon dioxide spect(d the 300i-

00001 (= 1-3) bands of the tetrad were studied using cHtoFT-CEAS [15,16],(ii) the
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3001-00001 {= 2-4) bands of the same tetrad and the 00031-00001 band were measured by
FTS [13.
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Fig.5. Overview of the''O*“C'®0O observations between 5850 and 7000'cfthe previous
observations by FTS [13] (blue crosses) and cREMtoFT-CEAS [15,16] (red crosses) are
superimposed to the present CW-CRDS measureménts. intensities are given for
1"0'%C!®0 in natural relative abundam(l.47x10°).

The *2C*'0,, *0"c!’0 and *’0%C*0 isotopologues have a very small relative
abundance in our sample (less than 551@nly five *°0'*C!’O bands (335 lines) and four
10"3c!®0 bands (273 lines) were assigned. All assigned banffb1C' 'O were reported
before using the same CW-CRDS spectrometer but with naturat®@nenriched samples
[10,17,18,19] (Fig. 6). In the case 0f0C™0, three of the four assigned bands were
reported by CW-CRDS in Ref. [17] and the 01131-01101 hot band is assigned for the first
time (Fig. 7).
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CW-CRDS measurements. Line intensities are given far°C'®0 in natural relative
abundance (1.68xTJ20]).

Before this work, seven bands'6€'0, were known in the 5850-7000 &nspectral
region from FTS [13] and ORP®emtoFT-CEAS spectra of’O enriched samples [15,16].
They are presented in Fig. 8. In addition, two hot bands of this isotopologue(3101 (=
2, 3 were reported in Refs.[15,16] but our calculations show thatalssignments are wrong
(the reported band centers are shifted by about 9 and 26rom their correct values). As a
result of a relative concentration on the order of 4%16nly the four strongest of the
previously known'*C*’O, bands, (30013-00001, 30012-00001, 30011-00001 and 00031-
00001) were assigned in our spectra. We take advantage of the present work to complete our
set of **C*’0, line positions with recent assignments obtained in the same region from the
analysis of ouCW-CRDS spectrum of’O enriched water wheréC'’O, was present as an
impurity [21]. Five *’C'’0, bands including the newly observed 31112-01101 band were
assigned in the water spectrum. These data are included in Fig. 8 and used in the forthcoming

band by band analysis.
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Fig. 8. Overview of the'’C'’O, observations between 5850 and 7000'cifhe previous
observations by FTS [13] (blue crosses) and aRENMtoFT-CEAS [15,16] (red crosses) are
superimposed to the present CW-CRDS measurements. Line intensities are giveh @sr

in natural relative abundance (1.37¥)0Calculated intensity values were used for the CRDS
data obtained frof’O enriched water spectra [21] because the abundartée'dD, present

as an impurity in water was unknown (see Text).
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Band-by-band analysis

As far as a vibrational state can be considered as isolated, the vibration-abtation
energy levels can be expressed as:

F,(J)=G,+B,JJ+1)-D,J°(J+1)*+H I’ +1)° (1)
whereJ is the total angular momentum quantum num@@ers the vibratior;al term valud,
is the rotational constarid, andH, are centrifugal distortion constants.

The spectroscopic parameters of the upper states of the different isotopologues were
fitted to the measured line positions. The retrieved constants resulting from the band by band
analysis procedure are listed in Tables 4-8fat*c'’0, '0'*c'®0, *0'*c!’0, '0'*c'®o
and *°C'’0,, respectively. The bands are ordered according to the upper vibrational term
value. As thee andf sub bands may be perturbed in a different way, different sets of
spectroscopic parameters were fitted foralaadf levels. The lower state rotational constants
were constrained to the literature values [22,23,@4 the case of the 03331-03301 band of
Yo'%c®0, only a few lines were measured which prevented to fit the upper state constants.
We provide in Table 5 the lower state constants predicted using the global effective
Hamiltonian).

All rmsvalues of thevpsvsit) deviations includedh Tables 4-8 are within 1hem?,
which is very satisfactory considering the weakness of the considered transitions and our
claimed accuracy of 1072 cm™* on the line positions. The list of measured line positions with
assignments andvdpsviir) values is provided as Supplementary Material. This archive file
includes for each band, the fitted spectroscopic parameters of the upper state with
corresponding errors (in % and in &nlower state parameters anuis values of the fit
together with the observed, calculated and EH values for the line positions.

Interpolyad anharmonic resonance perturbations were found to affect one band of the
%0'%cH0 and*’0C*0 asymmetric isotopologues (Table 9). The interpolyad anharmonic
resonance interaction between the 30013 and 50006 vibrational staté3'%ar?0 was
already discussed in Ref. [13

Table 9. Interpolyad anharmonicenance interactions affectingo'*c’o and*'0'*c'o
bands between 5800 and 7000°tm

Isotopologue| Band affected | Center (crit) | Perturber| Jyose

11121e-00001e, 6646.9386 31114e 39

11121f0000% | 6646.9396 | 31114f 36
Yo2c®0 | 30013e-00001e 6073.7612 | 50006e 33

16012C17O

Note
Value of the angular momentum quantum number at which the energy lesahgrtakes place.
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Table 4. Spectroscopic constants (in ¢pof the °0*C'’Obands analyzed in tHéO enriched spectrum of carbon dioxide recorded by CW-CRDS betweer

5851 and 6990 crh

State

VoV, 2Var 6) G, B, Dx10’ H,x10" Ref.
00001e 0. 0.37861462 1.26428 0 [27]
01101e 664.72914 0.37902973 1.26216 0 [22]
01101f 664.72914 0.37961283 1.27387 0 [22]
10002¢ 1272.28663 0.37870010 1.46815 0 [22]
02201e 1329.843 0.380030 131 0 [22]
02201f 1329.843 0.380030 1.30 0 [22]
10001e 1376.02747 0.37877938 1.08312 0 [22]
(vlvftzt\zrg) G, B, Dx107 Hx102 | Fitted bands [P-P" AG,? Oﬁﬁgg‘{,ed nIN® | RMS? | Note® Pvaeovrfys
P=8
10022¢ 5885.32060(12) | 0.37292536(30)| 1.4789(11) 0 10022e-00001e| 8-0 | 5885.32060(12) | P30/R52| 6171 | 0.51 P
10021e | 5986.128713(90)| 0.37271694(24)| 1.0677(11) 0 10021e-00001e| 8-0 | 5986.128713(90) | PSO/R47| 6969 | 0.40 P
P=9
30014e 6033.47614(10) | 0.37704212(33)| 1.9517(25) | 0.961(50)| 30014e-00001le| 9-0 | 6033.47614(10) | P61/R54| 99101 | 0.44 P.L
30013e | 6175.951623(71)| 0.37498388(19)| 1.5501(10) | 1.109(14)| 30013e-00001e| 9-0 | 6175.951623(71) | P59/R70| 105106 | 0.36 P.L
30012e | 6298.112530(69)| 0.37531443(16)| 0.91110(82)| 0.514(11)| 30012e-00001e| 9-0 | 6298.112530(69) | P68/R74| 120127 | 0.37 P.L
3001le | 6463.480404(92)| 0.37675465(28)| 0.6948(19) | 0.636(33)| 30011e-00001e| 9-0 | 6463.480404(92) | P63/R64| 107115 | 0.44 P.L
11122e 6505.30254(11) | 0.37328131(32)| 1.4027(16) 0 11122e-00001e| 9-0 | 6505.30254(11) | P45/R46| 54/64 | 0.43
11122f 6505.30280(16) | 0.37411531(38)| 1.4730(16) 0 11122f00001e | 9-0 | 6505.30280(16) | 051 3538 | 0.47
11121e 6646.93855(19) | 0.37302948(57)| 1.1717(30) 0 11121e-00001e| 9-0 | 6646.93855(19) | P34/R44| 38/45 | 065 | 1
11121f 6646.93959(26) | 0.37383347(75)| 1.1315(37) 0 11121f00001e | 9-0 | 6646.93959(26) | Q48 | 35/39 | 0.74 | 2
0003le | 6945597515(88)| 0.36967212(14)| 1.25529(37) 0 00031e-00001e| 9-0 | 6945597515(88) | P68/R62| 100102 | 0.48 P.L
11121e 6646.93938(58) | 0.3730251(26) | 1.149(23) 0 11121e-01101e| 9-1 | 5982.21024(58) | PI5/R32[ 1011 | .
11121f 6646.93871(64) | 0.3738402(43) | 1.196(44) 0 11121f01101e | 9-1 | 5982.20957(64) | P30/R28| 9/10 '
P=10
31114e 6641.33291(24) | 0.37673398(73)| 1.6139(43) 0 31114e-01101e| 101 | 5976.60377(24) | P45/R39| 3135 | 0.64
31114 6641.33381(26) | 0.37831259(73)| 1.7912(37) 0 31114f01101f | 10-1 | 5976.60467(26) | P46/R37| 30034 | 0.65
31113e 6810.89444(15) | 0.37534533(55)| 1.2067(47) | -2.03(10) | 31113e-01101e| 10-1 | 6146.16530(15) | P56/R55| 69/76 | 0.51 P.L
31113f 6810.89385(16) | 0.37665538(39)| 1.3653(19) 0 31113f01101f | 10-1 | 6146.16471(16) | P47/R47| 61/69 | 0.56 P.L
31112e-01101e| 10-1 P56/R59| 82 /87 P.L
31112e | 6972.728679(93)| 0.37546064(18)| 1.08669(59) 0 311120011017  101| 6307-999540(93) e i1 | 050
31112f01101f | 10-1 P58/R56| 88/90 P.L
31112f 6972.728468(71) | 0.37679681(15)| 1.05813(51) 0 S1L1901101e [100| 6307-999330(71) == L 0.41
3111le 7160.43924(15) | 0.37634425(40)| 0.9263(18) 0 31111e-01101e| 10-1 | 6495.71010(15) | PA7/R49| 47/55 | 0.52
31111f 7160.43994(18) | 0.37788965(51)| 0.8906(26) 0 31111f01101f | 101 | 6495.71080(18) | PA1/R45| 48/54 | 0.57
01131f 7573.09230(21) | 0.37070963(32)| 1.2673(10) 0 01131f01101f | 101 | 6908.36316(21) | P60/R39| 45/74 | 057 | 3 P.L
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01131e 7573.09249(22) | 0.37017054(54)] 1.2406(27) 0 01131e-01101e| 10-1 | 6908.36335(22) | P47/R38|] 35/63 | 0.52 P.L
P=11

40014e 7397.75813(27) | 0.37542785(88)| 1.8358(67) 0 40014e-10002e| 11-2 | 6125.47150(27) | P37/R31| 2122 | 0.44

32213f 7450.9696(14) | 0.3769769(84) |  1.34(10) 0 32213f02201f | 11-2 | 6121.1266(14) | P11/R26| 8/8 0.95

40013e-10001e| 11-2 | 6149.79283(13) | P45/R44| 26/32

40013e 7525.82030(13) | 0.37434176(40)| 0.9809(22) 0 200136.100026] 112 | 6253 53367(13) | Paaima3| 3438 | 052

32212e 7641.74192(43) | 0.3769195(16) | 1.467(11) 0 32212e-02201e| 11-2 | 6311.89892(43) | P37/R38| 11/12 | _,

32212f 7641.74270(46) | 0.3769104(16) | 1.1097(99) 0 32212102201f | 11-2 | 6311.89970(46) | P37/R39| 16/17 '

40012e 7676.42510(22) | 0.37590824(70)| 0.6817(38) 0 40012e-10001e| 11-2 | 6300.39763(22) | P40/R45| 34/42 | 0.69

32211e 7851.0325(34) | 0.377802(35) 1.85(67) 0 32211e-02201e| 11-2 | 6521.1895(34) | P10/R19| 7/7 0.93

32211f 7851.0370(14) | 0.377499(24) 1.22(82) 0 32211f02201f | 11-2 | 6521.1940(14) | P19/R33| 6/6 '

40011e 7872.4203(18) | 0.3773072(60) | 0.415(42) 0 40011e-10001e| 11-2 | 6496.3928(18) R33 8/9 0.73

02231e 8201.031377 02231e-02201e| 11-2 | 6871.188377 P36 /6 P

02231f 8201.031337 02231f02201f | 11-2 | 6871.188333 P36 /6 P
Notes

The confidence interval (1 SD) between parentheses, is given thetinittioé the last quoted digit.
?AG, =G, -G, .
P Observed branches with the corresponding maximum value of the total amgat@ntum quantum number.
°N is the number of the observed lines for a given banchasithe number of these lines included in the fit.
4RMSof residuals of the spectroscopic parameters fit is givenfrcad.
¢ 1-Interpolyad anharmonic interactions with 31114e (energy levels crasslag9).
2 - Interpolyad anharmonic interactions with 31114f (energy levels crossirg3g).
3 - The e and f components are blended up=tbin theP-branch and up td=29 in theR-branch. Unresolved lines were excluded from the fit.
4 - All the e andf components are not resolved.
" Previous reports: L: Ref1B]; P: Ref. [L4].
9A few lines observed, the giveéd,, and4G, values are EH values.
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Table 5. Spectroscopic constants (in ¢yrof the’'0*C*®0bands analyzed in tHéO enriched spectrum of carbon dioxide recorded by CW-CRDS betweer

5851 and 6990 crh

State

VAo o G, B, Dyx10’ H,x10" Ref.
00001e 0. 0.356931872 | 1.11566 0 23
01101e 659.701654 0.357347188 | 1.13217 0 [23]
01101f 659.701654 0.357868213 | 1.13798 0 [23]
10002e 1244594135 0.356737834 | 1.26346 0.192 [23]
02201e 1319.818 0.358276600 | 1.19470 -0.245 [23]
02201f 1319.818 0.358276600 | 1.15598 0.049 [23]
10001e 1355.654216 0.357407042 | 0.97108 0.210 [23]
03301e 1980.2757 0.35894276 1.19206 0 This work?
03301f 1980.2757 0.35894255 1.19057 0 This work?
(vle:Zf/fra) G, B, Dx107 Hx102 | Fitted bands | P-P” AG, Olti’r‘:’:;‘c’ed n/N® | RMS® | Note' PVL%‘;:SQ‘S
P=38
10021e | 5930.28915(12) | 0.35171833(37)| 0.9449(20) 0 10021e-00001{ 8-0 | 5930.28915(12) P46/R43 | 64/64 | 051
P=9
30014e | 5946.97861(10) | 0.35482043(30)| 1.6688(21) | 0.472(37) | 30014e-00001{ 9-0 | 5946.97861(10) P65/R59| 108/109] 0.49 L
30013e | 6073.761161(97)| 0.35331366(28)| 1.1968(17) | 1.009(26) | 30013e-00001({ 9-0 | 6073.761161(97| P65/R67 | 114/123] 0.49 | 1 | LX.X,
30012e | 6207.76048(10) | 0.35441221(25)| 0.8035(15) | 0.3345(23)| 30012e-00001({ 9-0 | 6207.76048(10) P68/R66 | 104/106] 0.43 L X,
3001le | 6391.96188(11) | 0.35566762(21)| 0.55532(78) 0 30011e-00001{ 9-0 | 6391.96188(11) P58/R52| 94/96 | 0.56 X5
11122e | 6440.84194(17) | 0.35174275(39)| 1.2280(16) 0 11122e-00001{ 9-0 | 6440.84194(17) P35/R53| 47/53 | 0.63
11122f | 6440.84247(13) | 0.35244951(32)| 1.2846(14) 0 11122f0000%k | 9-0 | 6440.84247(13) Q50 | 35/35 | 0.38
11121e | 6586.13178(14) | 0.35191686(34)| 1.0237(15) 0 11121e-00001{ 9-0 | 6586.13178(14) P41/R50| 55/56 | 0.55
11121f | 6586.13135(10) | 0.35269105(19)| 1.00843(65) 0 11121f0000%k | 9-0 | 6586.13135(10) Q56 | 39/39 | 0.30
0003le | 6893.712316(70)| 0.348514663 (79] 1.10796(16) 0 00031e-00001{ 9-0 | 6893.712316(70] P8L/R67| 123123| 0.43 L
11121e | 6586.13152(76) | 0.3519191(32) | 1.019(30) 0 11121e-01101{ 9-1 | 5926.42987(76) P25/R29| 12/12 | 0.53
11121f | 6586.13151(27) | 0.3526754(18) | 0.984(25) 0 11121f01101f| 9-1 | 5926.42987(27) P20/R29| 9/9 | 0.68
P=10
31114e | 6547.22988(23) | 0.35478555(79)| 1.4168(46) 0 31114e01101e| 101 | 5887.52823(23) P25R42 | 41/41 | 0.71
31114f | 6547.22893(22) | 0.3560364(12) | 1.679(17) | 0.303(58) | 31114f0110% | 10-1 | 5887.52728(22) P25/R44 | 51/54 | 0.67
31113e | 6708.65831(15) | 0.35384052(53)| 1.0881(40) | -1.074(82) | 31113e-01101{ 10-1 | 6048.95666(15) P5UR59 | 76/76 | 0.62
31113f | 6708.65764(13) | 0.35497236(32)] 1.1716(16) 0 31113f0110F | 101 | 6048.95599(13) P47/R50 | 71/75 | 0.57
31112e | 6878.33146(13) | 0.35436302(28)| 0.9723(10) 0 31112e-01101{ 101 | 6218.62981(13) P58R52 | 76/76 | 0.63
31112f | 6878.33112(11) | 0.35562924(25)| 0.9456(10) 0 31112f0110F | 101 | 6218.62947(11) P5UR52 | 64/67 | 0.47
3111le | 7081.59558(20) | 0.35526211(73)| 0.8564(47) 0 31111e-01101{ 101 | 6421.89393(20) P41/R32 | 38/44 | 0.58
31111f | 7081.59570(16) | 0.35675307(42)| 0.8359(22) 0 31111f0110F | 101 | 6421.89405(16] P4&R42 | 42/49 | 0.51
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12221e | 7237.54470(51) | 0.3529443(21) | 1.195(16) 0 12221e-011014 101 | g577 g4305(51) - R23
122216-01101] 101 035
12221101101f| 101 R3s | 32/33 | 064
\
12221f | 7237.54498(41) | 0.3529375(17) | 0.976(14) 0 Iosaitoriote 101 | 6577843334030
200216-01101{ 10-1 P18/R27
20021e | 7265.4792(11) | 0.3523380(65) | 0.790(72) 0 S00210-01101 G0 | 605.7775(LL) -1 89 | 091
01131e-01101( 10-1 1 PBARAG
0113le | 7516.56633(17) | 0.34900390(27)| 1.12219 (75| 0 Siislo0Ti0i[ G0 | 6856-86468(17) g ™| 72/81 | 073
01131f | 7516.56728(17) | 0.34948656(26) 1.13196(67) 0 01131f01101f| 10-1 | 6856.86563(17) P67/R37 | 62/74 | 0.69
P=11
40014e | 7271.58940(21) | 0.35326911(64)| 1.4634(32) 0 40014610002 11-2 | 6026.99527(21) PAGR34 | 43/48 | 0.73
40013e-10002{ 11-2 | 6155.02092(22) P26/R40
40013e | 7399.61505(22) | 0.35351291(70)| 0.7757(39) 0 40013010001 TLs | 6043 Seosa(o) Piaidz | 4243 | 0.64
40012 | 7570.71131(40) | 0.3550143(17) | 0.574(12) 0 40012e-10001{ 11-2 | 6215.05709(40) P32/R38 | 18/19 | 0.92
10032¢ | 8078.76170(28) | 0.3485504(11) | 1.3017(84) 0 100326-10002( 11-2 | 6834.16757(28) P3UR34 | 24/26 | 0.45
02231e-02201( 112 P39R35 | /43
02231e | 8139.703406(12) G52310.0o201| 115 | 5519-885406(12 =
0223110220% | 112 P39R35 | /43
02231f | 8139.703366(12) 055311035016 11o | 5519-885366(12 =
10031e | 8181.20276(32) | 0.34886839(76)| 0.9427(30) 0 100316-10001( 11-2 | 6825.54854(32) P52R25 | 24/24 | 0.73
P=12
0333le | 8763307354 033316-03301( 123 | 6783.031668 | P33 1
03331 | 8763.307362 0333110330T | 123 | 6783.031656 | P33 n1
Notes

The confidence interval (1 SD) between parentheses, is given theunitloé the last quoted digit.

@ The given parametealues were obtained from the EH predictions.

bAGV:G;fG;-

¢ Observed branches with the corresponding maximum value of the totiramgumentum quantum number.

9N is the number of the observed lines for a given bandhamthe number of these lines involviedthe fit.
® Root Mean Squares of residuals of the spectroscopic parameters fit is gig€rcim™.

f

2 - All the e and f components are not resolved.
9Previous reports: L: Reflp]; X,: Ref.[15]; X,: Ref.[16].

1 - Interpolyad anharmonic interactiavith 50006e (energy levels crossinglat33).
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Table 6. Spectroscopic constants (in ¢yof the'®0™C'’0 bands analyzed in tH&O enriched spectrum of carbon dioxide recorded by CW-CRDS betweer

5851 and 6990m ™.

State v
(ViVoloVar £) G, B, D10 Ref.
00001e 0. 0.37861700 1.24220 [22]
01101e 645.744 0.378961 1.22 [22]
01101f 645.744 0.379600 1.23 [22]
State v . ‘B a Observed c d .
(Vo b\ ar 8) G, B, D,x10 Fitted bands | P-P AG, lines® n/N¢ | RMS® | Previous work
P=9
30013e 6071.57304(21)| 0.3757853(10) | 1.6641(93) | 30013e-00001¢ 9-0 | 6071.57304(21)| P32/R33| 43/43 | 0.62 P2,P3
30012e 6188.05195(17)| 0.37459042(50)| 0.9681(28) | 30012e-00001¢ 9-0 | 6188.05195(17)| P42/R42| 52/52| 0.56 P2,D
30011e 6318.43282(17)| 0.37592903(43)| 0.7008(19) | 30011e-00001¢ 9-0 | 6318.43282(17)| P31/R51| 46/46 | 0.61 P2,D
00031e 6752.412227(86] 0.37000461(15)| 1.23279(51)| 00031e-00001¢ 9-0 | 6752.412227(86| P63/R56 | 95/95| 0.45 P1,P2,D,P3
P=10
01131e | 7363.26690(28)] 0.3704379(12) | 1.2195(82) | 01131e01101e| 10-1 | 6717.52290(28) P41/R35]| 44/52 | 0.99 P1,P2
01131f 7363.26726(19)| 0.37102467(66)| 1.2173(46) | 01131f01101f| 101 | 6717.52326(19) P41/R35| 47/47 | 0.59 P1,P2
Notes

The confidence interval (1 9detween parentheses, is given the in the unit of the last quoted digil,, Thastants were constrained to 0 both for the lower and upper states.

®AG, =G, -G,.

® Observed branches with the corresponding maximum value of the totiramgunentum quantum number.
°N is the number of the observed lines for a given bandchasmthe number of these lines included in the fit.
4 RMSof residuals of the spectroscopic parameters fit is given fred.

®Previous reports: P1: Ref(]]; P2: Ref.L7]; D: Ref.[1§]; P3 Ref.[19].
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Table 7. Spectroscopic constants (in ¢pof the’0*C*®0bands analyzed in tHéO enriched spectrum of carbon dioxide recorded by CW-CRDS betweer

5851 and 6996m ™.

State 7 2
VVatNar o) G, B, Dyx10 H,x10" Ref.
00001e 0. 0.35694456 1.1113 -0.18 [24]
01101e 640.56384 0.35731753 1.1259 -0.18 [24]
01101f 640.56384 0.35785460 1.1398 -0.18 [24]
State 5 5 . o7 a Observed c d e | Previous
VAV, EVar ) G, B, D,x10 Hyx10 Fitted bands | P-P AG, lines® n/N RMS" | Note work'
P=9
30013e 5975.17564(30] 0.3537989(12) 1.51413) 4.5337) | 30013e-00001¢ 9-0 | 5975.17564(30) PA7/RA8| 47/47 0.66 P
30012e 6088.67228(24] 0.35372482(76)| 0.8058(40) 0 30012e-00001¢ 9-0 | 6088.67228(24) P46/R38| 42/44 0.82 P
00031e 6698.86089(11] 0.34883973(18)| 1.11138(50) 0 00031e-00001¢ 9-0 | 6698.86089(11)] P64/R63| 102/103| 0.64 P
P=10
01131f 7304.92223(60] 0.3497812(15) | 1.12&(73) 0 01131f01101f| 101 | 6664.35839(60)] P45/R31| 16/40 0.74 1
0113le | 7304.92263(58] 0.3492843(21) | 1.10715) 0 01131e01101e| 10-1 | 6664.35879(58)] P37/R31| 16/39 | 0.74
Notes

The confidence interval (1 SD) between parentheses, is given thedinitio the last quoted digit.

?AG, =G, -G, .

® Observed branches with the corresponding maximum value of the tot&ramgmentum quantum number.

°N is the number of the observed lines for a given banchasmthe number of these lines included in the fit.
4 RMSof residuals of the spectroscopic parameters fit is given fread.

®1- The e and f components are blended up=+& in theP branch and up td= 31 in theR-branch. Unresolved lines wetgcluded from the fit.
"Previous reports: P: Ref]].
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Table 8. Spectroscopic constants (in ¢hof the **C'’0, bands analyzed in tH&O enriched spectrum of carbon dioxide recorded by CW-CRDS between 5851

and 699&m™.

State , 5

(Vo £\ ar 6) G, B, D,x10 H,x10" Ref.
00001e 0. 0.36719462(82)| 1.18053(16) 0 [23]
01101e 662.066499(28)| 0.367612037(80| 1.19784(34) 0 [23
01101f 662.066499(28)| 0.368161373(80| 1.20396(34) 0 [23
State 5 2 . —_— a Observed c Previous

(VaVa £\ ar o) G, B, Dx10 H,x10" Fitted bands | P-P AG, lines? n/N RMS? Worke
P=9
30014e 5988.91375(20)| 0.36534838(52) 1.7689(26) 0 30014e-00001{ 9-0 | 5988.91375(20) P44/R47 | 58/63 | 0.76 L
30013e 6122.70465(10)| 0.36352850(37) 1.3565(30) | 1.03(66) | 30013e-00001{ 9-0 | 6122.70465(10] P57/R57 | 141/147| 0.56 | L, X4, X,
30012e 6249.95103(91)| 0.36432177(21) 0.82830(85) 0 30012e-00001{ 9-0 | 6249.95103(91) P53/R55 | 141/150] 0.59 | L, X,
30011e 6425.20573(29)| 0.36566372(95)] 0.6119(55) 0 30011e-00001{ 9-0 | 6425.20573(29) P45/R38| 24/24 | 0.82 | L, X,
00031e 6917.81966(15)| 0.35852830(55)] 1.1730(38) 0 00031e-00001{ 9-0 | 6917.81966(15) P41/R36 | 50/54 | 0.53 L
P=10
31113e 6757.44051(27)] 0.3640028(11)| 1.1289(89) 0 31113e-01101{ 101 | 6095.37401(27) P33/R36 | 33/36 | 0.71 L
31113f 6757.44029(32)] 0.3652101(13)| 1.2113(89) 0 31113f01101f| 101 | 6095.37379(32) P37/R38| 28/34 | 0.75 L
31112e 6922.67610(46)] 0.3643590(20) | 1.069(15) 0 31112e-01101{ 101 | 6260.60960(46) P30/R36 | 20/22 | 0.94
31112f 6922.67703(66)] 0.3656552(39) | 1.016(45) 0 31112f01101f| 101 | 6260.61053(66) P29/R27 | 20/21 | 0.88

Notes

The confidence interval (1 SD) between parentheses, is given thedinitioé the last quoted digit.
The input data was extended by using some positiof€tD, lines assigned in a CRDS spectrunt’@f enriched water2[1].

?AG, =G, -G, .

® Observed branches with the corresponding maximum value of the total amgut@ntum quantum number.
N is the number of the observed lines for a given banchamthe number of these lines included in the fit.
4 RMSof residuals of the spectroscopic parameters fit is given frcad.
®Previous reports: L: ReflB]; X: Ref.[15]; X,: Ref.[16].
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5. Global fitting of theline positions

Our measured line positions were gathered with all the position measurements available in
the literature and used for the refinement of Biéparameters of three isotopologuE®©“C*®0,
150130 and’0™C®0. For the'®0'*C*’0 and**C*’0, species, the position values obtained in
this work were already included as input data for the global fit of the respEttiparameters [25].

For the global modeling of the line positions, tid and GIP computer codes were used [6,7,8].
When necessary, the input position values of some experimental sources were corrected using the
correction factors determined with the help of the RITZ computer code [26], applied simultaneously
to all collected sources of carbon dioxide line positions. The initial sets &Hlmarameters were
obtained by isotopic extrapolation of that of the principal isotopologue T2é weighted fits were
performed taking into account of the claimed uncertainties of the line position determination in the
respective references. In the cases when these uncertainties are not presented clearly, the weighting
was based on the reportads errors of the band by band fits of the spectroscopic constants. The
fitted EH parameters of the three considered isotopologues and their standard errors are provided as
Supplementary Material.

17012C18O

The existing set oEH parameters of' O'?C'®0 was published by Chedin in 1979 [28]. The
effective Hamiltonian used in Ref. [P@%as formulated only up to the fourth order of perturbation
theory and some important Coriolis and anharmonic resonance interaction terms were not taken into
account. The predictive ability of this set of parameters is on the order of 0.01* depending
on the vibrational excitation.

The input file of the measured line positions used in our fit (Table 10) consists of the data
published in Refs. [135,16,23,25,29,30,31,32,33] and data from this work. Overall, 9754 line
positions were measured between 571 and 8197 The maximal value of the vibrational normal
mode excitation is 4 for all modes. The highest value of the upper state rotational quantum number
Jis 98. In the first column, the sources of the input data are presented. A given reference may be
attached to several sources according to the sets of spectra analyzed. The second coltesn indica
the type of gas samples used for the recordings, the third column lists isotopologues found in the
samples, and the fourth column specifies the experimental technique. Statistically significant
frequency correction factors found from thé&zRanalysis of the most abundant isotopologues are
given in column 5. Columns 6 and 7 contain numbers of accepted and excluded transitions,
respectively. Wavenumber range of each source is given in column 8. Minimal and maximal
measurement uncertainties are given in column 9 in units"d€td. Finally, RMSerrors for each

source are listed in column 10 in units of*1ém® (RMSz). The four last rows of the table
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contain number of input line positions, number of energy levels used to fit line posRidISHf
the residuals in units of Tocm*, and the weighted dimensionless standard deviatiohthe fit.
The data rejected by the RITZ analysis were excluded from the fits.

4139 energy levels are involved in the data file of 9754 measured line positions used to fit
the EH parameters. They can be partitioned Miondependent sets or spectroscopic networks,
each of them being connected internally by transitions of the data file (similarly to the MARVE
approach developed in Ref. [34]) . The largest set includes 3563 energy levels which eceedonn
with 9456 transitions. The 576 remaining energy levels corresponding to 298 measured transitions
are scattered on a large number of small spectroscopic networks which were not analysed.

During the fitting process, 63 parameters were varied. The resulting weighted dimensionless
standard deviation of the fit is 1.40 and RMSof the residuals is 0.00108 &mThe Vobs VER)
residuals corresponding to the line positions used as input data are plotted in the upper panel of Fig.

9, together with measurement uncertainties.
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Fig. 9. Residuals (open circles) and measurement (full circles) uncertainties of the line positions
used as input data for the fit of the effective Hamiltonian parametéf®B?0, 1°0"*c!’o and
OC™0.
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16013C17O

The set of th&EH parameters derived by Chedin [28] was refined in our previous paper [10]
using published line positions from Refs. [10,18,19,35,36,37,38,39]. The refined set of parameters
was used for the calculation of the line positiomduded in the current version of the CDSD-296
databank [40]. Since that time a number of new laboratory measurements have become available
[13,17,25,33,41,42

The new fit of the effective Hamiltonian parameters involved all published data
[13,17,18,19,25,35,36,37,38,39,41,42] and data obtained in this work (see Table 11). Overall, 4258
line positions were reported between 617 and #9i7. The number of involved energy levéss
2339. The highest value of the upper state rotational quantum ndn#b@2. Nineteen lines of the
40014-00001 band had to be excluded from the EH fit because the 40014 upper vibrational state is
strongly perturbed by an interpolyad anharmonic resonance interaction with the 60007 vibrational
state [42]. The used polyad model of effective Hamiltonian does not take into account this type of
resonance interactions.

During the fitting process, 43 parameters were varied. The resulting weighted dimensionless
standard deviation of the fit is 1.36 and REISof the residuals is 0.0011*. The fitted EH
parameters and their standard errors are given as Supplementary Materiah,s\r@)(residuals
together with measurement uncertainties are plotted in the middle panel of Fig. 9.

17013C18O

A first set of EH parameters allowing for the calculation of the line positions with the
accuracy on the order of 0.01-1 ¢was published by Chedin and Teffo [43] for this isotopologue.
The set of'’0'C'0 parameters was recently determineg isotopic extrapolation from the
principal isotopologuel[1]. In the present work, the EH parameters ‘6f*C*®0 are fitted for the
first time.

The input file of the measured line positions consists of the data published in Refs.
[13,17,25,39,4Rand CRDS data from this work (see Table 12). Overall, 2008 line positions were
measured between 623 and 78&%'. The maximal value of the vibrational normal mode
excitation is 3 for all modes. The highest value of the upper state rotational quantum his@zer

37 parameters were varied. The resulting weighted dimensionless standard deviation of the
fit is 1.05 and theRMSof the residuals is 0.00084 &mThe (obsVer) residuals together with

measurement uncertainties are ploitethe bottom panel of Fig. 9.
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Table 10. '0'C'®0 experimental data and summary of the Ritz and the EH line position fits.

; 6
Reference Sample| Isotopologue’s | Setup Cofzrir;gtrlon N> | Nex' | Fimin - Frnax(cm®)® A(T&s é’an)x (ﬁg'\f??n;z) (1R0,\?{Icsr;r|15)
Claveau et al.43,31] o 4,89 FTS 1.0 682 | 6 571.1-2358.3 | 0.05-0.29] 0.08 0.11
Reisfeld et al[3(] o 8,9 FTS | 0.999994% | 65 | 13 628.4 - 690.4 3.0 2.95 2.95
Lyulin et al. [13] (LADIR) o0 1-12 FTS 1.0 2816| 260 | 1844.8-6908.4| 0.1-1.0 0.41 0.63
Toth et al[37] %o 3,78 FTS 1.0 693 | 3 2258.0-5040.8| 0.13-1.1| 0.41 0.47
Jacquemart et al3f] oo 1,3,4,6-9 FTS 1.0 391 | 2 2268.7 -5043.6| 0.04-0.12| 0.05 0.11
Borkov et al. P5| oo 1-12 FTS 1.0 2726| O 3214.9 - 4681.3 0.8 0.67 1.24
This work %0 1-11 CRDS 1.0 1661| 10 | 5868.1 - 6908.4 1.0 0.62 1.29
Lyulin et al. [13] (USTC) oo 4,8,9,12 FTS | 0.99999998 | 404 | 0 5912.3 - 6908.5 0.7 0.40 0.54
de Ghellinck d’Elseghem Vaernewijck et al. [16] o 8.9 CEAS | 0.9999988 | 217 4 6032.4 - 6411.6 2.0 2.53 2.77
de Ghellinck d’Elseghem Vaernewijck et al. [15] o 8,9 CEAS | 0.9999993 32 8 6078.6 - 6100.1 1.7 1.57 1.71
Golebiowski et al.29] o 48,9 CEAS 1.0 140 | 2 8035.7-8196.7| 1.2-1.3 1.04 1.75
number of fitted data 9456 9754
Gy SICHECREANSTOMNSNRIEN- |y sis / numtier EH parameters 3563 63
RMSof residuals (18 cn?) 0.70 1.08
weighted dimensionless standard deviajion 1.08 1.40

Notes

! |sotopologues identified in the experimental spectra according to notatitic*0,; 2: 1*C'®0,; 3: 1%0*Ce0; 4: **0'°C’0; 5: 0™ C™0; 6: 1%0™cY0; 7: 1%Cct®0,; 8: 1'0C0; 9:
12¢ct0,; 10:3C0,; 11:'0"C0; 12:%C'0,

2 FTS - Fourier transform spectrosco@EAS - cavity-enhanced absorption spectroscGRDS - cavity ring down spectroscopy

3 N — number of lines of a given source included into the EH fit

* Nexei— NUMber of lines of a given source excluded from the EH fit

5 Frmin @ndFmay- minimum and maximum values of the wavenumbers in a givereou

8 Amin @ndAmax - Minimum and maximum values of the measurement uncertaintiegifegrasource

& correction factor was determined from Ritz check of the most abtiistéopologue of a sample
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Table 11. **0"C!0 experimental data and summary of the Ritz and the EH line position fits.

Notes

! |sotopologues identified in the experimental spectra according to notatid62°0,; 2: °3C0,; 3: 1*012C0; 4:%01C0; 5: %0C0; 6:01C'0; 7:1%c®0,; 8: 1’0 0; 9:

: 6

Reference Sample| Isotopologues | Setug C(;;rg((:)trlon Ni® | Nexc' | Fmin - Fmax(cmi®)® A(T(r}s é]mmf)x (lRO'\fCS?n']%) (fo'\fcsgq'ﬁ)
Teffo et al. B o 6,11,12 FTS 1.0 99 2 617.5-2305.0 | 0.03-0.05| 0.01 0.08
Jolma B7] 3¢ 2,356 FTS | 0.99999992 | 63 1 618.2-675.0 | 0.19-0.24| 0.25 0.32
Lyulin et al. [13] (LADIR) | Y00 1-12 FTS 1.0 781 | 79 | 1977.0-4983.9| 0.151.0 0.66 0.94
Esplin et al. 3] B¥cl¥® | 1,2,356,7 | FTS | 0.99999998 | 96 3 2203.9-2316.1| 0.30-2.8| 1.52 1.61
Baldacci et al.36] natural 2,56 VGIS | 0.99999998 | 56 4 2229.2 - 2297.5 1.6 2.97 3.20
Borkov et al. P5| oo 1-12 FTS 1.0 1036| O 3234.6 - 4680.1 0.8 0.53 0.86
Toth et al. £1] 80 2,5,6,10 FTS 1.0 160 | 4 3476.4 - 4978.8| 0.2-1.0 0.56 0.69
Ding et al. L§] B¢ 2,56 FTS | 0.99999998 | 418 | 5 4489.2 -6750.9| 0.53-1.1| 0.74 1.06
Mandin [35] Venus 1-7 FTS | 0.99999938 | 46 6 4507.6 - 4736.4| 1.2-25 2.57 3.02
Perevalov et al.1[7] 3¢ 2,5,6,10,11 | CRDS 1.0 627 | 9 5875.1 - 6745.0| 0.6-2.1 1.18 1.72
Perevalov et al.19] 53¢ 1-6 CRDS 1.0 231 | 19 | 6005.8-6768.6| 0.7-1.5 0.89 1.65
This work %0 1-11 CRDS 1.0 335 | 0 6044.5 - 6768.6 1.0 0.64 0.88
Campargue et al4p] 8¢ 2,5,6,10,11 | CRDS 1.0 310 | 22° | 7242.8-7917.3| 0.61-0.80| 0.65 1.47
number of fitted data 3927 4259

—alysis/ number BFtharameters 1819 43

RMSof residuals (18 cm?) 0.89 1.17
weighted dimensionless standard deviagion 1.43 1.36

2 FTS - Fourier transform spectroscop{GIS - vacuum grating infrared spectrograf@RDS - cavity ring down spectroscopy
% Ni — number of lines of a given source included into thefiEH

* Nexci— NUmber of lines of a given source excluded from theiEH f
® Fimin andFax- minimum and maximum values of the wavenumbers in a giveceou
8 Amin@anddma - minimum and maximum values of the measurement uncégtafot a given source

2 correction factor was determined from Ritz check ofrttest abundant isotopologue of a sample

® Nineteen lines of the 40014-00001 band were exdliéeause of an interpolyad interaction of the 40@dgkr state by the 60007 state
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Table 12. '0"C'®0 experimental data and summary of the Ritz and the EH line position fits.

; 5

Reference Sample | Isotopologues Setup C(;;rg((:)trlon Nie> | Frin - Fmax(cmd)? A(T&; é]mmf)x (ﬁg'\f??n;z) (fohfcsgq'ﬁ)

Teffo et al. B9 o 4,6,11,12 FTS 1.0 81 623.6 2281.0 0.03-0.20 0.033 0.11

Lyulin et al. [13] (LADIR) o0 3-12 FTS 1.0 652 | 2182.0 4798.2 0.29-1.0 0.37 0.62

Borkov et al. P5] o0 1-12 FTS 1.0 775 | 3379.3 4680.4 0.8 0.39 0.78

This work %o 3-11 CRDS 1.0 253 | 5937.7 6714.1 1.0 0.71 1.18

Perevalov et al.1[7] 3¢ 2561011 CRDS 1.00000003 | 129 | 5946.4 6714.2 0.9-1.4 0.94 1.37

Campargue et al4p] 3¢ 2561011 CRDS 1.0000000% | 30 7837.4 7886.7 0.83 0.71 1.23

number of fitted data 1623 1920

—alysis/ number BFitparameters 874 37
RMSof residuals (16 cm?) 0.50 0.84
weighted dimensionless standard deviagion 0.97 1.05

Notes

! |sotopologues identified in the experimental spectra according to notktid62°0,; 2: °3C0,; 3: 1*012C0; 4:%01C0; 5: %01C0; 6:°01C’0; 7:1%c®0,; 8: "0 0; 9:
2 FTS - Fourier transform spectrosco@RDS - cavity ring down spectroscopy

% Ni — number of lines of a given source included into thefiEHII the lines were included.

4 Frin @andFmax- minimum and maximum values of the wavenumbers in a givertso

5 Amin@ndAma - minimum and maximum values of the measurement uncéggafor a given source

& Correction factor was determined from Ritz check ofrtfest abundant isotopologue of a sample.
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6. Fitting of thelineintensities

In this section, we use our measured intensities of the liné&tt,, *°0*c!’o,
1701ct®o, *°0"3ct’0 and*’'0™C*®0 to fit their effective dipole moment parameters. To our
knowledge, no line intensity measurements in the 5850-700D region were previously
published for these isotopologues. Line intensity calculations used the eigenfuctions of the
effective Hamiltonians derived in the preceding section for'faé“c*®0, *0C*’0 and
170130 isotopologues and those €0, *°0*C0 published in our recent paper [25]
The used effective operator approach for the line intensity modeling has been drésente
Refs. [6,44,45] and the computer code used to fit the EDM parameters is described in Ref.
[46]. The total internal partition functions 6fC'0,, *°0*C'’0, Y'0*C*®0 and*®0™*c!’o
were taken from Ref. [47] and that'80"*C*°0O from Ref. [4.

The fit minimizes the value of the dimensionless standard devigtidafined as

z ((SiObS - SiCalc )/ J )2

X = =L ' (2)
N-n

where S’ and S°*° are, respectively, measured and calculated values of the intensity for the

i™ line, 5 = (S"5,)/100% is the absolute measurement error of theline and o; the

measurement error in %l andn are the number of fitted line intensities aamjusted EDM
parameters, respectively.
Another value used to characterize the quality of the fit is the root mean squares

deviation:

N

Z ((Siobs _ Sicalc )/ Siobs )2
RMS = /=2 N x100% . (3)

As a consequence of the weakness of the lines due to the very small abundances of the
five 'O isotopologues in our sample, a value of 10 % was used for the uncertainties of our
relative line intensities. It is difficult to provide reliable error bars on the absolute intensity
values as they were calculated on the basis of a statistical distribution of the O atoms between
the various isotopologues. As no other experimental source has provided intensity
measurements for the considered isotopologues in the region, the validity of this assumption
cannot be tested and significant deviations may exist in particular in the present case where
the five less abundant species are considered. Nevertheless, the fitted values obtained for the
leading term of the EDM (see below) are fully consistent with that of the other isotopologues,

indicating that our abundance values (Table 1) are reasonable.
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The characteristics of the input data and the results of the line intensity fits are
presented in Table 13 he fitted sets of the EDM parameters are given in Table 14. As it has
been already mentioned in Section 3, the line intensities df@i&D, bands assigned in the
spectrum of the'’O enriched water sample [Rlvere not determined and therefore the
respective transitions are not involved into line intensity fit. The band by band intensity fit
statistics is summarized in Table 15. The value of mean resi&alf¢r a band presented in
this table is defined by the following equation

MR = %EN; (8- )/ £"x100%, 4)
where N is the number of fitted line intensities for a given band.
Table 13. Experimental data and the results of the line intensity fits.

Isotopologue AP Npana© Nit° Npar® x  RMS(%)

160126170 8 2 200 2 118 118
9 18 1396 10 0.95 95

RPN 8 1 53 1 074 7.3
9 18 1446 10 0.82 8.2

%oco 9 5 268 4 080 7.9
olc®o 9 230 4 099 99
12cto, 9 3 164 4 122 121

Notes

!Npana— Number of bands included in the fit
2 Ny — number of lines included in the fit

3 Npar — NUmMber of adjusted parameters
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Table 14. Effective dipole moment parameters for tkie= 8 andAP= 9 series of transitions
of 16012C17O, 17012C180, 16013C17O, 17013C18O an d12C17O2

Value®
Parametél AV, AV, AV A&, Order
16012C17O 17012C180 16013C17O 17013C18O 12(:1702

AP=8

M 1 0 2 0 -0.10435(38) -0.10789(54) 103
M 0 2 2 0  0.434(19) 10°
AP=9

M 3 0 1 0 -0.25995(35) -0.26652(41) -0.23389(10) -0.2546(16) -0.2539(19) 10°
b, 3 0 1 0 0.307(42) 0.55(19) 1.19(26) 0.505(24)  10°
M 2 2 1 0 0.2351(19) 0.2463(22) 0.2190(75) 0.284(20) 0.245(18)  10*
M 1 4 1 0 -01177(57) -0.0931(67) 10°
M 0 6 1 0 037992  0.721(93) 107
M 0O 0 3 0 0.30688(73) 0.30398(10) 0.29755(92) 0.3105(12) 0.3002(25) 10°
Ky 0O 0 3 0 -0.146(17)

Ko 0 0 3 0 0.107(31) 10t
M 1 1 2 1 0.21301(81) 0.22355(76) 10*
b, 1 1 2 1 0.317(23) 0.269(13) 102
M 0 3 2 1 -0.983(30) -1.090(26) 10°®
b; 0 3 2 1 0.875(18) 102

& The parameters! are given in Debye while thgandb, parameters are dimensionless. Only relative signs of
theM parameters within a given series of transitions are determined.
® The numbers in parentheses correspond to one standard deviatiés of tive last quoted digit.
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Table 15. Band by band statistics of the intensity fits.

a d e
Band cm/n?olecule N® | Jnin Jona® vm(lcr;n\"llrln)ax 1028?:“;;/?”naélecule MR(%) | RMS%) | MaxR%)'
627 AP =8
10022 00001 3.56e-25 68 153 5857.7 5908.9 2.79-100 -0.3 12.7 29.1
10021 00001 3.76e-25 67 048 5936.6 6008.7 4.72-120 -0.6 9.3 24.9
627 AP =9
31114 01101 5.36e-26 62 4 46 5937.9 6003.4 1.12-14.4 -1.5 14.1 26.8
30014 00001 1.14e-24 98 061 5980.8 6069.6 1.94-230 -1.2 8.2 27.6
31113 01101 4.60e-25 129 356 6092.4 6176.8 1.13-74.9 2.2 9.9 235
40014 10002 7.00e-27 12 337 6093.1 6146.2 2.36-9.38 -5.1 10.2 18.0
40013 10001 8.08e-27 23 340 6113.76172.8 1.09-5.47 -5.9 14.9 28.9
30013 00001 8.52e-24 102 068 6118.7 6209.7 3.14-1840 21 6.6 22.6
40013 10002 1.26e-26 29 142 6214.4 6273.2 0.966-7.37 8.3 16.0 29.1
30012 00001 6.53e-24 122 074 6235.9 6336.8 0.312-1280 -1.1 7.2 27.1
31112 01101 4.21e-25 172 160 6254.8 6342.1 0.446-54.5 2.8 10.3 29.0
40012 10001 9.56e-27 37 246 6265.7 6329.2 0.468-4.52 1.5 14.2 29.7
30011 00001 5.78e-25 103 065 6409.5 6505.7 0.244-132 0.1 8.5 25.1
3111101101 4.73e-26 97 450 6454.5 6527.0 0.367-9.55 -1.8 12.3 27.3
11122 00001 3.34e-26 93 051 6464.3 6528.7 0.182-7.71 0.0 10.7 29.1
40011 10001 2.80e-28 6 16 30 6508.8 6517.8 0.268-0.55 -4.4 115 19.2
11121 00001 3.14e-26 70 148 6621.5 6669.4 0.411-10.6 0.0 12.8 29.8
0113101101 1.64e-24 133 160 6831.4 6924.1 1.74-208 0.7 7.4 26.2
02231 02201 6.26e-27 10 1931 6839.4 6852.6 4.42-8.83 6.2 15.1 22.0
00031 00001 2.45e-23 98 063 6866.8 6961.2 28.1-5170 -2.9 4.9 14.9
637 40P=9
30013 00001 1.93e-26 28 333 6044.5 6093.3 3.55-9.47 -0.9 9.2 19.7
30012 00001 4.83e-26 43 243 6150.5 6213.1 2.54-17.2 1.3 8.8 16.8
30011 00001 5.32e-27 31 240 6296.1 6344.4 0.542-3.12 -1.0 9.4 19.1
01131 01101 1.26e-26 80 139 6675.4 6733.4 0.325-2.41 -0.5 8.9 20.4
00031 00001 2.45e-25 86 055 6685.3 6768.6 0.985-55.4 0.5 4.7 18.1
728 AP =8
10021 00001 2.19e-25 53 152 5894.8 5950.9 10.3-70.4 0.0 7.3 16.9
728 AP =9
31114 01101 1.43e-25 88 145 5868.1 5915.7 2.57-27.1 -2.1 9.2 26.2
30014 00001 2.63e-24 103 065 5891.0 5981.3 2.53-530 2.6 6.8 20.5
40014 10002 4.81e-26 41 344 5989.0 6047.1 2.25-17.7 -1.4 9.7 24.5
31113 01101 6.52e-25 140 160 6004.7 6078.9 1.11-82 0.0 7.4 24.4
30013 00001 1.17e-23 121 068 6012.4 6105.1 5.12-2310 0.0 5.5 23.4
40013 10001 5.80e-27 13 434 6033.2 6063.6 2.68-6.08 -2.8 10.1 17.1
40013 10002 8.36e-27 20 441 6139.5 6178.8 1.26-6.70 -5.4 11.5 23.5
30012 00001 3.89e-24 101 068 6148.6 6244.7 1.12-916 0.7 6.4 23.9
31112 01101 3.31e-25 129 153 6175.7 6250.2 1.56-50.3 0.9 8.6 22.8
40012 10001 3.59e-27 18 139 6189.9 6239.3 0.544-3.34 -5.7 10.3 26.1
30011 00001 3.26e-25 86 051 6352.8 6424.1 2.69-68.8 0.7 6.2 17.3
3111101101 2.83e-26 71 437 6396.2 6446.8 1.39-6.58 -0.4 13.3 27.5
11122 00001 3.75e-26 78 154 6409.7 6463.8 0.429-10 -0.5 8.6 20.6
11121 00001 3.26e-26 74 156 6555.2 6608.4 0.179-9.94 0.7 8.3 23.3
0113101101 1.70e-24 141 167 6772.0 6871.7 0.499-241 1.2 7.6 21.5
0223102201 4.21e-26 70 239 6779.9 6834.8 1.76-10.4 0.8 11.3 225
10031 10001 7.89e-27 17 541 6782.3 6838.1 1.52-7.24 2.6 9.6 215
10032 10002 1.29e-26 17 735 6804.5 6848.8 4.04-12.1 1.0 7.2 21.4
00031 00001 2.82e-23 118 069 6805.1 6908.4 8.32-5630 -0.9 5.5 22.8
727 AP =9
30013 00001 1.37e-25 54 043 6084.5 6146.8 3.43-47.1 0.0 13.0 26.1
30012 00001 7.44e-26 57 152 6204.5 6276.7 0.553-29.3 0.0 12.5 34.6
00031 00001 3.92e-25 53 041 6873.56932.8 10.2-149 0.0 10.3 26.3
738 AP =9
30013 00001 4.34e-26 39 341 5940.7 5998.5 2.55-18.4 0.0 10.3 24.0
30012 00001 3.72e-26 34 439 6062.7 6111.5 3.77-16.1 0.0 13.2 25.4
0113101101 1.06e-26 66 145 6616.2 6678.1 0.221-2.65 -2.4 10.9 22.0
00031 00001 2.59e-25 91 063 6625.8 6714.1 0.343-56.4 1.8 6.9 23.7

Notes

&% — sum of the measured line intensities for a given band

® N — number of the measured line intensities for a given band

€ Jmin Jmax— Minimum and maximum values of the angular momentum quantorberuor a given band
Vmin Vmax— Minimum and maximum values of the line positions for arghend

®Snin Snax Minimum and maximum values of the line intensities for a gived ban

"MaxR— maximum residual between observed and calculated values of the linéiggefios a given band.



7. Discussion and conclusion

This contribution concludes our analysis and theoretical modeling of the absorption
spectrum of highly®0 enriched carbon dioxide recorded by very high sensitGit§:Cavity
Ring Down spectroscopy between 5851 and 6996 @nv1-1.43 pum) [IL In this third report,
we have presented the analysis of the spectrum of thé’@®@O isotopologues, which are
the least abundant in our sample but significantly enriched compared to natural carbon
dioxide (relative abundances of about 2% f@'“C*’0O and*’0™C'®0 and less than 4x10
for °0%c’0, Y0¥c*®0 and ?C''0,). As a result of the very high sensitivity of the
recordings, 4704 lines of 64 bands could be assignest,ohthem are newly reported.

Overall, about 1600C0O; lines have been assigned in the present work and in the two
previous. Taking into account 3587 lines assigne®°0, and **C'®0, and about 1350
impurity lines assigned t€H,, HCN, CO and HO isotopologues, it leads to a total number
of about 20900 lines identified, leaving only about 947 unassigned lines (about 4% of the
total). This result relies mainly on the very high predictive capability of the effective models
developed for each of the studied isotopologues. All the unassigned lines are very weak lines
not organised in regular series. They are provided as Supplementary Material for all intents
and purposes.

The newly measured line positions (estimated accuracy betweert Gxi01x10
cm?) allowed us improving the sets of the effective Hamiltonian parameters for nine
isotopologues. The parameters t60'%C*?0, *°0"C'’0 and*’0"*C'®0 are presented in this
paper and those fofO'C'®0, *4c*0,, 13c*®0,, *0™c*®0, *0'*c’0 and**C'’O, were
published in Refs. [1,2,25]. The quality of the line position calculations achieved with the
refined sets of the effective Hamiltonian parameters is illustrated in Fig.10 which includes a
few bands assigned after the refinement of the EH parameters. The deviations which are, for
these bands, the differences between the predicted and measured line positions are found at
the same level than for those of the fitted lines.

From the set of measured line intensities, the effective dipole moment parameters for
the AP=8 and AP=9 series of transitionis °0"C'’0, '0'*C'®0, **0"*c'’0, '0"*c'®0 and
2¢O, could be fitted for the first time. The (low) abundance values of these isotopologues
in our sample were estimated on the basis of the stated oxygen atomic relative abundance,
assuming a statistical distribution of the oxygen atoms withip $§p@cies and a natural value
for the carbon relative abundance. This approach seems to be validated (within an estimated
uncertainty between 10% and 15%) by the abundance values obtained o't and

13’0, species (see Section 2) and by the comparison of the obtained values of the fitted
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EDM parameters for different isotopologues (see Table 14). Indeed, according to our
theoretical study [49], the values of the principal vibrational EDM parameters for the series of
transitions which are allowed for both symmetric and asymmetric isotopologues do not
depend strongly on isotopic substitution of both oxygen and carbon atoms. For example, the
values of theVipoz andMzp; parameters included in Table 14 for are very close to those of the
principal isotopologueMoos= 0.31068(34) x18 andMzo:= -0.26621(13) x18 Debye [50).

Part of the results obtained from the analysis of the present CRDS spectra has already
been used to improve the carbon dioxide line list in the last edition of the HITRAN database
[51]. A major improvement has been the inclusion of the AP= 8 series of transitions of
1%0'%C®0 measured in our first report [1] which fall in a transparency window and dominate
the spectrum in spite of the very low abundanc®®t°C'®0 in natural carbon dioxide. The

obtained parameters of the effective operators will be used for the generation of a new version
of the CDSD data bank.
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Fig. 10. Differences between the line positions'8"C*%0, *°0'*Cc!’0, **c!’0,, **0™*C''0
and*’0"*c'®0 measured b W-CRDS between 5850 and 7000 tiand calculated with the
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effective Hamiltonians. fie black circles denote the few bands not used in the input data of
the EH fit for 'O™C'®0 (11121-01101, 12221-01101, 20021-0110¥p**ct’o (11121-
01101,32211-02201, 32212-02201, 32213-02201) ¥ad’0, (30011-00001; 30014-00001,
31112-01101, 31113-01101 [31]
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