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Abstract

In a previous contribution (Kassi S, Song KF, Campargue A. High sensitivity CW-
cavity ring down spectroscopy of CO, near 1.35um (1): Line positions. JQSRT 110 (2009)
1801-1814), the line positions analysis of the high sensitivity absorption spectrum of carbon
dioxide has been reported in the 7123-7793 cm™ region. In this second contribution, the
spectral region investigated by CW-Cavity Ring Down Spectroscopy has been extended up to
7917 cm™. It added about 400 lines to our previous list of about 2500 transitions. These
additional lines include transitions belonging to six newly observed *?C**0, bands for which
we provide the spectroscopic parameters. Over the whole 7123-7917 cm™ region, the accurate
intensities of about 2900 lines belonging to four isotopologues (**C**0,, *C'®0,, *0'*c*®0
and '°0'C'0) were retrieved with an average accuracy of 3 %. Intensity values range
between 1.2x10% and 4.1x10 % cm/molecule. Compared to the present version of the
Carbon Dioxide Spectroscopic Databank recently adopted for the HITRAN database,
important deviations were evidenced for some weak bands of the main isotopologue. The
CW-CRDS intensity data relative to a total of 46 **C'°0, bands together with selected
intensity information available in the literature for nine bands have been fitted simultaneously
using the effective operators approach. The AP=11 set of the *2C°0, effective dipole moment
parameters has been refined leading to a much better agreement with the measured intensity
values. In addition, the AP=10 effective dipole moment parameters of the **0**C*®0 minor
isotopologue were determined for the first time. The obtained results will help to improve the
Carbon Dioxide Spectroscopic Databank (CDSD).

Key words: Molecular spectroscopy, Carbon dioxide, Line intensities, Infrared, Global
modeling, CW-CRDS, Cavity Ring Down Spectroscopy, Fourier Transform Absorption
Spectroscopy, HITRAN, Carbon Dioxide Spectroscopic Databank.



1. Introduction

In a first contribution [1], we have reported the line positions analysis of the absorption
spectrum of carbon dioxide recorded by CW-Cavity Ring Down Spectroscopy in the 7123-
7793 cm™ spectral interval. A series of 25 fibered distributed feedback (DFB) laser diodes
were needed to cover the region and a typical noise equivalent absorption, cmin, of 3x10™°
cm™ was achieved. 2125 transitions were assigned to the **C*°0,, **0*?C*’0 and '*0%C'®0
isotopologues. These CW-CRDS observations represented a significant improvement in terms
of accuracy and sensitivity compared to Venus spectra (about 350 lines) which were the main
experimental source for line positions in the region [2]. However, absolute lines intensities
cannot be extracted from Venus spectra. A few previous laboratory investigations by Fourier
Transform Spectroscopy (FTS) have been dedicated to the line intensity measurements of the
strongest 4vi1+v3 pentad bands dominating the spectrum. In the spectral interval considered
here, all the line intensities are smaller than 5x102° cm/molecule. Consequently, kilometric
absorption path lengths were needed by Valero and Boese [3-5] and Giver et al [6] to
determine line intensities of the 4001i-00001 (i=1-4) bands. The intensity values of the
40013-00001 and 40014-00001 bands were also reported by Teffo et al from FTS spectra
recorded with pressures up to 75.6 Torr and a 40.2 m absorption pathlength [7]. In their paper,
Teffo et al also reported the line intensity values for the stronger 10013-00001 and 10032-
00001 bands falling above the presently studied region (at 8294 and 8192 cm™ respectively)
but belonging to the same AP = 11 series of transitions (P= 2V;+V,+3V3 is the polyad number
resulting from approximate relations between the harmonic frequencies). The same situation
applies to the line intensities measurement of the 21122-00001 perpendicular band and of the
32211-00001 “forbidden” band reported by Wattson et al during the HITRAN meeting in
1998 [8]. All these FTS data (about 350 intensity values) relative to nine bands in total were
the-only experimental source used to fit the effective dipole moment parameters of the AP =
11 series of transitions. In our recent contribution [1], 1653 **C*°0, lines were measured by
CRDS in the 7123-7793 cm™. They belong to 37 bands of the AP = 11 series and include 26
hot bands. The reader is referred to Ref. [1] for the rovibrational assignments of the CRDS
spectra. The band-by-band analysis of the CRDS spectrum has led to the determination of the
rovibrational parameters of a total of 47 bands of the *2C'°0,, *0%C*0 and *0%c*®0
isotopologues.

The present report is devoted to the intensity retrieval from the CRDS spectra. By

gathering the large set of CRDS intensity values with the previous FTS data, the effective



dipole moment parameters will be refined in the frame of the effective operators approach
allowing an improved reproduction of the spectrum in the region.

During the course of this analysis, four additional DFB lasers have been purchased
allowing extending the investigation up to 7917 cm™. About 400 lines were added to our
previous line list. Before the line intensity analysis (Sections 4 and 5), we will present in
Section 3 the line positions analysis and the band-by-band fit of the transitions detected in the

newly investigated 7793-7917 cm™ interval.

2. Experimental details

The CW-CRDS spectrometer and the procedure adopted for an accurate calibration of
the wavenumber scale have been described in Refs. [9-11]. The DFB typical tuning range is
about 40 cm™ by temperature variation from -5°C to 60°C. As illustrated in our previous
studies in the 5800-7000 cm™ region [12, 13], the high linearity and the large dynamic range
of the CW-CRDS spectra with respect to the line intensities, makes this technique particularly
suitable for intensity measurements. The absolute value of the absorption coefficient, «, is
obtained straightforwardly from the measured ring down time (1/z1/%=ac). The pressure,
measured by a capacitance gauge (Baratron), as well as the ringdown cell temperature, was
monitored during the spectrum recording. The pressure value was generally fixed to 13.3 hPa
(10.0 Torr). In addition, a few recordings were performed at 5.0 Torr in order to avoid
saturation effects of the strongest lines of the 40013-00001 band near 7600 cm™. The carbon
dioxide sample (purity higher than 99.998 %) was purchased from Fluka Company and was
assumed to be in natural isotopic abundance [13].

In Ref. [1], the 7123-7793 cm™ region was covered without any gap with the help of
25 fibered DFB laser diodes. In the present work, the recordings were extended up to 7917
cm™ with the help of four newly purchased DFB lasers. A different set of high reflective
supermirrors was used. Their very high reflectivity (corresponding to 7~ 150 us at 7800
cm™) allowed new observations in the 7650-7793 cm™ region. On the overview spectrum

displayed in Fig. 1, the transitions corresponding to the new recordings are highlighted.

3. Line positions analysis in the 7650-7917 cm™ spectral interval

This region deserves to be accurately characterized as it includes a micro window of
high transparency around 7820 cm™ between the 40012-00001 and 40011-00001 bands (see
Fig. 1). The rovibrational assignment and band-by-band analysis followed the procedure
described in Ref. [1]. Compared to Ref. [1], nine additional **C**0, bands could be identified.



They include the 40011-00001 and 21122-00001 bands observed in Venus spectra, for which
the rotational analysis was extended and improved. The band-by-band fit of the spectroscopic
parameters led to the values listed in Table 1. This table includes all the bands centred above
7650 cm™ as the parameter values were either newly determined or significantly improved
compared to Ref. [1] as a result of new observations. Some of the observed bands are affected
by perturbations which were identified on the basis of the effective Hamiltonian models (see
last column of Table 1). The deviations from the position values provided in the Carbon
Dioxide Spectroscopic Databank (CDSD) [16] are plotted versus the line positions in Fig. 1.
Important deviations reaching values on the order of 15x10°° cm™ are noted for the 42212-
02201 and 31123-02201 bands newly observed near 7775 cm™,

The new observations were gathered to those of Ref. [1] in order to provide a global
and consistent line list. It added 339 ?C*®0, lines and 14 **0*C*®0 lines to the set of 1653,
96 and 376 transitions reported in Ref. [1] for the '?°C*0,, *0™CY0 and **0%C0
isotopologues, respectively. In the global list (2881 lines), provided as Supplementary
Material, the experimental positions and intensities as obtained from the line profile fitting
(see next section) are given for each line, together with the rovibrational assignments. In order
to provide a complete linelist corresponding to natural carbon dioxide, we kept the **C*°0,
transitions which are not discussed here.

Compared to the line positions attached to Ref. [1], a better accuracy of the line
centers determination has been obtained by using the multiple line fitting program (see next
section). That led to marginal changes compared to the line centre values determined in Ref.
[1] and to the addition of 102 lines in the spectral region investigated in Ref. [1]. For
consistency, we have used these accurate line centers values to refine the spectroscopic
parameters of all bands of the 2C**0,, *0™C'’0 and °0™C*®0 isotopologues reported in
Ref. [1]. The obtained parameters values are very close to those of Tables 2-4 of Ref. [1].
They are listed in three Tables provided as Supplementary Material. The results of the band-
by-band fit are given for each band as an archive file including the observed and calculated
values of the line positions together with the fitted spectroscopic parameters of the upper state

with corresponding errors.

4. Line intensity retrieval
The integrated absorption coefficient, I (in cm ™), was obtained for each line using an
interactive least squares multi-lines fitting program. The Levenberg-Marquardt algorithm was

used to minimize the deviation between the observed and calculated spectra. For each



individual complete laser scan, the spectral sections of overlapping or nearby transitions that
could be treated independently were limited by the fitting program. The contribution of the
apparatus function was neglected as the DFB line width is much smaller than the Doppler
broadening [1-5 MHz compared to 0.4 GHz (FWHM)]. The *2CO, line profile was assumed
to be of Voigt type. The position and integrated absorbance of each line, and a baseline
(assumed to be a linear or quadratic function of the wavenumber) were provided by the fitting
procedure. The Gaussian line widths (0.01393 cm™ (FWHM) at 7500 cm* for 2C*°0,) were
fixed to the theoretical value of the Doppler broadening calculated according to the measured
temperature and mass of the considered CO, isotopologue. The Lorentzian line widths were
obtained as the product of the sample pressure and the self-broadening coefficients provided
in the HITRAN database [14]. They were assumed to be independent of the isotopologue and
to decrease smoothly with the rotational quantum number J (from about 0.130 cm™* (HWHM)
at J=0to0 0.0718 cm™ at J = 50). The lines due to water vapor, present as an impurity in the
sample, were also fitted. Their Gaussian line widths were fixed to the theoretical values while
the Lorentzian component was calculated using the H,O broadening coefficients due to
collisions with CO, [15].

Fig. 2 illustrates the large dynamic range achieved on the measurement of the line
intensities and the quality of the spectrum reproduction. Absorption coefficients ranging from

5x10 1% to 4x10°® cm™ can be measured from the displayed spectrum.

The absolute line intensity or integrated absorption coefficient per pressure unit, S (in

cm 2 atm™), was deduced from the integrated absorption coefficient, I(T), using the equation:

1(T)

SM)=—" (2

where P is the pressure of the considered isotopologue (in atm). Each S value was then
converted to the absorption line intensity S(T) (in cm/molecule) according to the following
expression:

N
N, 273.15

S(T) S(T) @)

where T is the sample temperature and N_. = 2.68676x10" molecule cm™ atm™ is the
Loschmidt number. The temperature value corresponding to our spectra was 296 K with an
estimated uncertainty of +2 K.

Taking into account all the transitions due to the different species contributing to the
spectra (2C*°0,, *0*c*®0, Bc'0,, *0*c'’0, H,0, HDO), more than 4000 lines were

fitted. The final set contains the following numbers of intensity values: *2C*°0,: 1992,



18012c*80: 390, 1*c*0,: 403 and **0*C'0: 96. Intensity values range between 1.22x1072°
and 4.11x10% cm/molecule for the main isotopologue. The quality of the spectrum
reproduction is illustrated in Figs. 2 and 3. The weakest line displayed on the insert of Fig. 2
has an intensity of 6.45x10 % cm/molecule. The fitting error is less than 1% for well-isolated
lines. Taking into account the uncertainties on the temperature (296+2 K) and pressure
(x0.5%) values, we estimated that the accuracy of the line intensities is 2.5% or better for
most of the lines. Note that this error bar does not consider possible deviation from Voigt line
shapes and line mixing effect as discussed in Refs. [26-28].

Fig. 4 shows an overview comparison of the obtained results with the present version
of the CDSD line list [16] which was adopted for HITRAN2008 [14] in our region. Four
bands are observed by CRDS and are missing in the present version of the CDSD database
while they have an intensity which largely exceeds the CDSD intensity cut off (10°°
cm/molecule): (i) the 40013-00001 and 40014-00001 bands of **0*C*'O and (ii) two AP= 10
bands of the **0'?C*®0 isotopologue which were not predicted in the CDSD because the lack
of previous observations prevented the determination of the corresponding AP= 10 effective
dipole momentum parameters.

The ratios of the measured and CDSD line intensities of 2C'°0, are plotted in Fig. 5
versus the experimental intensity values. The overall agreement is very good for the strongest
bands (the CRDS/CDSD average intensity ratio is 1.034 for the line intensities larger than
10%® cm/molecule) but degrades for smaller intensity values. The reduced set of experimental
input data [3-8] used to fit the AP= 11 effective dipole moment parameters explains the
deviations observed for a number of weak bands. These deviations largely exceed the
experimental uncertainty. For instance, the 51104-00001 band at 7240 cm™ has line intensities
at the 5x10°% cm/molecule level while the CDSD intensities are predicted more than five
times smaller. This is a consequence of the lack of the respective effective dipole moment
parameter. Another clear deviation is noted for the stronger 21123-00001 band (line
intensities at the 102’ cm/molecule level) which is predicted about 35 % stronger than
observed. Nevertheless, the impact of these disagreements on the total *C*°0, absorbance in
the region is very limited: the sum of the CRDS intensities (2.079x102 cm/molecule)
exceeds by only 3 % the sum of the corresponding CDSD intensities. This value is on the
same order as our experimental uncertainty.

In the line list provided as Supplementary Material, the experimental and calculated (see

below) intensities at 296 K, S(Ty), are given for each line. Our list includes 2881 transitions



with intensities ranging between 1.2x10%° and 4.1x10% cm/molecule. Note that 1451
transitions are predicted in CDSD [16] with an intensity value larger than 2x107%
cm/molecule while 1357 of them were detected, the difference (6.5 %) being mostly due to

unrecoverable lines obscured or blended by strong H-O transitions below 7300 cm™.

5. Modeling and fitting of the line intensities
Theoretical approach

The line intensity, S(T), of a vibration-rotation transition b<a is given by the

following equation:

1 8r°Cg.v hcE hey,
S T)= abeapynl 2 |1 ]—exp| ——2<2 | W, 3
pea(T) 4z, 3nc Q(T) p( KT j{ p( KT ﬂ bea @)

= 10 erg cm® D, C is the isotopic abundance, g, is the nuclear statistical

where

4re,
weight of the lower state, v, _, is the wavenumber (in cm™) of the considered transition, E,

is the energy of the lower state and W, is the transition moment squared (in D?) which is

b<«a

calculated within the framework of the effective operators approach.

The effective operator approach allows the simultaneous modelling of the line
intensities of cold and hot bands belonging to the same series of transitions. For the reader’s
convenience, we briefly recall this approach which has been presented in several of our
papers [17-19]. As a result of the approximate relations between the harmonic frequencies

o =20, ©;~3w, (4)
the effective Hamiltonian [20-23] globally describing the line positions of carbon dioxide is
formulated with the assumption that the vibration-rotation energy levels can be separated in
polyads. The effective Hamiltonian takes into account all resonance interactions between
vibration-rotation states belonging to the same polyad, up to the sixth order of the
perturbation theory. The polyads are identified with the label:

P=2V,+V, +3V,, (5)
where V; are vibrational quantum numbers.

Within the effective operators approach, the square of the transition dipole moment of a

vibration-rotation transition P'N'J's' «<— P N Jg is given by [17-19]:



_ APSVAVAVIAVARRL v1+Av1v2+Av242+A/ Va+AVs \A(Z\
Wongeepnge = (23 +1) z Z Chhs Cp M,

N'g'
Vol Ny 2AV;+AV,+3AV;=AP
A42=0,i1,i2,...

2

X\ a0 48,0+ 8,0 =26, 6810) Dy, (3,65) (1+ZKAVV +F“2(J,€z)j (6)

Here 5 |s the Kronecker symbol and JCV1V2/2V3 stands for the expansion coefficient

determining the eigenfunction of the lower state:
JAWV, 0,V
LPPNJg z Cens 27 ‘VlVZ ‘52‘\/3 J 5> (7)

2V} 1V, +3V4=P
ly

The summation runs over all states within the polyad involved. The definition of the Wang-
type basis functions ‘V1V2|£2|V3 J g> is given, for example, in Ref. [17]. In the same way,

J’C\Ff%,szfzw stands for the expansion a coefficient within the upper-state polyad. The
functions ®,,,, (J,¢,) for A¢,=0,+1 are equal to the Clebsh-Gordon coefficients
@ae,d 0,/ +AJ) (L, +A/,)), related to the Honl-London factors by the equation

| A2
WAL, 30,3 +a3) (¢, +A0,)) =5 (8)

The fX2(V,¢,) functions are listed in Table 1 of Ref. [17] for small values of the quantum

number differences AV. The Herman-Wallis-type functions F.2(J,¢,) appearing in Eq. (6)
are given in Ref. [18]. The following terms were needed in the present paper:
FS2(3,¢,)=b%m 9)
forthe A/, =0 matrix elements,
Faz(d, fz)_——bAV(Zz AL, +1) (10)
forthe AJ =0, A/, ==x1 matrix elements, and
Fi2(d,0,)= ——bAV (20,A0,+1)+b;"m (12)

for AJ =21, Al, ==x1 matrix elements.

TheM Y2« (i= 1-3), and b2’ parameters of the effective dipole moment matrix

elements involved in Eqgs. (6) and (9)-(11) describe simultaneously the intensities of all the



lines of cold and hot bands belonging to a series of transitions characterized by a given AP
value. These parameters were fitted to the observed line intensities.

Line intensities fitting

Using the above approach, we have performed the least-squares fittings of the line
intensities for the AP=10 series of transitions of the °0™C'®0 isotopologue and for the
AP=11 series of transitions of the principal isotopologue, **C*0,. In the CRDS line list
attached as Supplementary Material, the lines included in the respective fits are indicated.

The aim of the fitting procedure is to minimize the dimensionless weighted standard

deviation y, defined according to the usual formula
Sobs Scalc
Z(

where S°®and S are, respectively, observed and calculated values of the intensity for the

(12)

obs

i-th line; o, :W;, where o, is the measurement error of the i-th line in %, N is the
0

number of fitted line intensities, and n is the number of adjusted parameters. To characterize
the quality of a fit, we also use the root mean square (RMS) deviation, defined according to

the equation

S obs S calc
Z ( S obs

RMS = |- | x100%. (13)

AP=10 series of transitions of eo'2ct®o

The very weak 20021-00001 and 20022-00001 bands of **0*2C*0 are absent in the line
lists of provided by CDSD [16] and HITRAN2008 [14] as the intensities of these AP=10
bands were unknown before the present measurements. Their measured line intensities
allowed us to fit two effective dipole moment parameters of this series of transitions.

Very weak lines and those overlapped and blended were excluded from the fit leaving
65 from a total of 97 intensity values. The following weighting of the input data was adopted:
the uncertainties of the intensities of the lines weaker than 10 cm/molecule were assumed to
be 6% while a value of 3% was adopted for the others, in accordance with the estimates

performed in the experimental part of this paper. The values of the expansion coefficients

ICl22V= of the eigenfunctions have been obtained from the global fit of the effective

10



Hamiltonian parameters to the observed line positions. The same set of effective Hamiltonian
parameters was used as the one used to generate the CDSD databank [16]. The partition
functions Q(T) and nuclear statistical weights were taken from Ref. [24]. The result of the fit
is presented in Table 2 and in Table 3. The fitted set of effective dipole moment parameters is
given in Table 4. The weighted standard deviation y = 1.4 and global RMS=5.3% show that
the fit is performed near experimental accuracy.

AP=11 series of transitions of 2cto,

The set of the effective dipole moment parameters used for the generation of the line
intensities of this series of transitions for the CDSD databank has been published in Ref.[7].
The parameters were fitted to the line intensities measured from FTS spectra in Refs. [3, 4, 6-
8]. The characteristics of these data are summarized in Table 3. Note that this FTS dataset
includes transitions of the strong v,+3v; dyad (4P=11) located between 8150 cm™ and 8310
cm™ [7] ie above the region presently investigated by CRDS. As illustrated in Fig. 5, the
obtained set of the effective dipole moment parameters do not reproduce satisfactorily the line
intensities of some newly measured weak bands and should be refined. The CW-CRDS
intensity data relative to *?C**0, (1650 values) together with the FTS intensity values (about
260 values in total) have been used to refine the 4P=11 effective dipole parameters of the
principal isotopologue.

In our new fit, the line intensities were weighted according to their assumed

uncertainties, o, , which are based on the declared uncertainties. When in a respective

experimental source, each individual line was supplied with its uncertainty; this uncertainty
was used in the fit. Otherwise, we used the averaged uncertainty values as given in Table 2.
The line intensities of the 41112- 01101 hot band published in Ref. [4] were excluded from
the fit because of their very large reported uncertainties. Again very weak, overlapped and
blended lines were excluded from the set of 1992 CRDS intensity values of **C*°0, leaving
1651 values included in the fit. The same weighting as in the case of the 4P=10 series of
transitions of *°0'?C*®0 was adopted: uncertainties of 3 and 6 % were affected to the intensity

values above and below 10 cm/molecule, respectively. The values of the expansion
coefficients 'Cpi’2“2": of the eigenfunctions have been obtained using the effective

Hamiltonian which was used for the generation of CDSD databank [16]. The partition
functions Q(T) and nuclear statistical weights were taken from Ref. [24]. The result of the fit
is presented in Table 2 and in Table 3. The fitted set of effective dipole moment parameters is

given in Table 4. The quality of this fit is very similar to that described above for the 4P=10

11



series in *°0*C*0: weighted standard deviation y = 1.3 and global RMS= 4.9%. Fig. 5
illustrates the improvement compared to the present CDSD line list.

The new set of the effective dipole moment parameters for 4P=11 series of transitions
in *?C*0, has additional parameters compared to the previous one [7]. These additional
parameters are very important for the calculation of the line intensities of some weak
perpendicular bands. As concerns of other principal parameters M of the matrix elements of
the effective dipole moment operator, they are not very different but the parameters
describing vibrational (x) and rotational (b;) dependences of the principal parameters differ
considerably in the old and new sets of parameters. The reason is evident. Due to the
sensitivity achieved by CW-CRDS, the measurements of the line intensities has been extended
to a large number of hot bands and to much higher values of the rotational quantum number J.
These changes of the parameters values may have an important impact on the calculations of
the *2C*®0, at hot temperature.

Global linelist

The global list of 2881 lines attached as Supplementary Material is relative to carbon
dioxide in natural abundance and provides line parameters for the four isotopologues
contributing to the CRDS spectrum in the 7123-7917 cm™ region. Together with the
rovibrational assignment, experimental positions and intensities, it includes the calculated
intensities values except for the **C*°0, isotopologue which will be treated in a separate
contribution. For the AP=11 series of the principal isotopologue and for the AP=10 series of
10'2C80, the line intensities are those calculated with the presently fitted set of effective
dipole parameters. In the case of the AP=11 series of both *0%?C*®0 and *0'C*0Q, the
intensity values were calculated using the corresponding set of the principal isotopologue.
Fig. 6 shows that, compared to the present intensity values provided in CDSD (and in
HITRAN2008), the new set of *C*0, parameters allows improving significantly the
intensity reproduction of the AP=11 series of °0'C'0. The agreement could be slightly
improved by a fit of the AP=11 effective dipole parameters of *°0**C*0. This work will be
included in a separate contribution devoted to the **0C¥0 and °0™CY0O intensity

measurements and modelling in the whole 5850-7917 cm™ region.

6. Conclusion

Extensive line intensity measurements of the carbon dioxide molecule have been

performed in the 7123-7917 cm™ region using the CW-CRDS spectrometer developed in

12



Grenoble. This spectrometer allowed measurements of the line intensities of both very weak
and strong lines (from 1.22x10% up to 4.11x10% cm/molecule). 2881 lines of four
isotopologues - ?C*0,, **0*c*0, B*c'®0, and **0™CY0O - have been retrieved with an
average uncertainty of 3%. The majority of these line intensities were measured for the first
time. Compared to our previous paper [1] the accessible wavenumber region was extended
from 7793 to 7917 cm™. It gave us the possibility to detect about 400 additional lines of
carbon dioxide in the 1.35 pm region and to observe six new **C**0, bands for which the
spectroscopic parameters are provided.

Using the newly measured line intensities, the effective dipole moment parameters of
the 4P=10 series of transitions in °0™C*0 were fitted. The previous set [7] of effective
dipole moment parameters of the 4P=11 series of transitions in the principal isotopologue
was refined leading to important differences for the parameters values describing the
vibrational and rotational dependences. These refined sets of effective dipole moment
parameters allow reproducing all measured line intensities including those of very weak bands
with accuracy close to the experimental uncertainties.

The obtained results will be used to improve the CDSD databank [16].
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Figure captions

Figure 1. Upper panel: Overview of the *C*°0, spectrum recorded by CW-CRDS between
7123 and 7917 cm™. Full and open circles correspond to transitions reported in Ref. [1] and in
the present work, respectively.

Lower panel: Differences between the measured line positions and those provided by the
CDSD databank (adopted for HITRAN 2008).

Figure 2. The CW-CRDS spectrum of carbon dioxide (P= 6.65 hPa) in the region of head of
the R branch of the 40013-00001 band centred at 7594 cm . Three successive enlargements
show that line intensities differing by three orders of magnitude can be retrieved from the
displayed spectrum. The left and right hand panels illustrate the agreement between the CW-

CRDS spectrum and its simulation.

Figure 3. Comparison of the CW-CRDS spectrum of carbon dioxide (P= 6.65 hPa) near
7593 cm™ with its simulation:

Upper panel: Experimental spectrum,

Medium panel: Simulated spectrum resulting from the fitting procedure,

Lower panel: Residuals between the simulated and experimental spectra.

Note the change of the ordinate scale.

Figure 4. Overview spectrum of the different isotopologues of carbon dioxide in the 7080 —
7920 cm* region. Note the logarithmic scale adopted for the line intensities.

Left panel: calculated line list of the Carbon Dioxide Spectroscopic Databank [16],

Right panel: experimental line list obtained from the analysis of CW-CRDS spectrum. The
two AP=10 bands of **0*C*0 which are highlighted are missing in the present version of the
CDSD linelist (see Text).

Figure 5. Variation of the ratio of the experimental and calculated intensities versus the
experimental intensity values of the **C*°0, transitions in the 7123-7917 cm™ region. A
different symbol is used for each experimental work (open triangles correspond to the CRDS
measurements while the other symbols are relative to the FTS measurements of Refs [3-8].
Only lines included in the fit of the effective dipole parameters are shown (see Text). Note
that some CDSD intensities of the 51104-00001 band at 7240 cm™ are predicted more than
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five times smaller than observed and the corresponding ratios are out of scale of the left hand
panel.

Left panel: the calculated intensities are those of the present version of the Carbon Dioxide
Spectroscopic Databank [16] adopted for HITRAN2008 [14],

Right panel: the calculated intensities are those obtained in this work after refinement of the

AP=11 effective dipole moment parameters.

Figure 6. Variation of the ratio of the experimental and calculated intensities versus the
experimental intensity values of the °0™C*®0 transitions in the 7123-7917 cm™ region. A
different colour is used for the different bands. Only unblended lines are shown (see Text).
Left panel: the calculated intensities are those of the present version of the Carbon Dioxide
Spectroscopic Databank [16] adopted for HITRAN2008 [14],

Right panel: the calculated intensities are those obtained in this work by using the refined

values of the effective dipole moment parameters of the main isotopologue, *?C*°0,.
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Table 1. Spectroscopic parameters (in cm™) of the 2C*®0, bands obtained from the analysis of the CW-CRDS spectrum above 7650 cm™ region. The
bold characters are used for the bands which were note reported in Ref. [1]. When available, the previous determinations of the parameters values are

given in italics.

Vo rms JmAx
P-P Band AG, Gy By D\,X].O7 H,x10" % 10° Net/Nror | PIQR Notes
13-2 50013e-10002e 7679.80697(14) 8965.21508(14) | 0.38589984(40) | 0.7281(21) 0.45 44/45 43/ 147
12-1 22223e-01101e 3
12-1 22223f-01101e 14
12-1 22223e-01101f n
12-1 22223f-01101f 2
11-0 32212¢-00001e 7694.40208(92) | 7694.40208(92) | 0.3882964(12) | 1.5312(35) 0.86 2528 | a9/ /55 Forbidden baggég\% high J values
14-3 51113e-11102e 3
14-3 51113f -11102f In
High J value not fitted 21123e<—40012
11-0 40012e-00001e 7734.44903(22) 7734.44903(22) 0.3869481(11) 0.703(12) -9.55(35) 0.67 47/69 67/ /71 Coriolis resonance interaction. Energy
level crossing at J=68.
11-0 40012e-00001e 7734.4478(23) 0.3869970(46) 1.151(17) 8.58 59/ 167 Mandin [2]
11-0 40012e-00001e 7734.4477160(74) 0.386961162(30) |0.922856(237) 1.37 37 Miller and Brown [25]
High J value not fitted 21123e<—40012
11-0 21123e-00001e 7743.69624(25) 7743.69624(25) 0.3853190(11) 1.646(12) 10.62(34) 0.69 43/60 65/ /67 Coriolis resonance interaction.
Energy level crossing at J=68.
11-0 21123e-00001e 7743.7131(75) 0.3852016(286) 13.1 9/22/49 Mandin [2]
11-0 21123f-00001e 7743.69672(19) 7743.69672(19) | 0.38652351(93) 1.766(10) 0.55(30) 0.35 21/22 150/
13-2 50012e-10001e 7749.60576(27) 9137.78985(27) 0.3877856(12) 0.651(13) 3.37(39) 0.66 38/40 43/ 149
12-1 41112e-01101e 7757.61923(17) 8424.99906(17) | 0.38682119(53) | 1.0200(37) 0.685(68) 0.57 58/58 56/ /62
12-1 41112e-01101e 7757.6253(22) 0.3868226(655) 0.999(4) 0.75 41/ 45 Mandin [2]
12-1 41112e-01101f /8
12-1 41112f-01101e 7
12-1 41112f-01101f 7757.61937(17) 8424.99919(17) | 0.38851959(57) | 0.9512(43) -0.362(87) 0.54 55/57 55/ /61
12-1 41112-01101f 7757.6250(47) 0.3869970(46) 0.940(11) 1.46 41/ 45 Mandin [2]
14-3 51112e-11101e 12
14-3 51112f-11101f 12
13-2 42212¢-02201e 7772.9396(11) 9108.0710(11) 0.387802(24) 11.0(11) 071 1036 | 35/ /43 perturbed band,

4221231123 Coriolis resonance




interaction. No energy level crossing.

13-2 42212f-02201e 1
perturbed band,
13-2 42212f-02201f 7772.93662(66) 9108.06801(66) 0.3878568(77) 7.77(17) 0.89 13/23 30/ /44 4221231123 Coriolis resonance
interaction. No energy level crossing.
perturbed band
13-2 31123f-02201f /12 4221231123 Coriolis resonance
interaction. No energy level crossing.
perturbed band
13-2 31123e-02201e /13 4221231123 Coriolis resonance
interaction. No energy level crossing.
12-1 30023e-01101e 7821.02802(95) 8488.40785(95) 0.3838392(49) 1.786(67) 1.7(26) 0.70 16/16 0/ 140
12-1 30023e-01101f 7821.02850(48) 8488.40833(48) 0.3838332(26) 1.724(26) 0.72 12/14 132/
11-0 51101e-00001e 7847.8206(23) 7847.8206(23) 0.3898772(73) 0.978(68) 7.9(19) 0.70 13/20 371 147
12-1 22222e-01101e 7877.00773(25) 8544.38756(25) 0.38550087(69) 1.4020(33) 0.45 15/16 /146
12-1 22222f-01101e 7877.00546(46) 8544.38529(46) 0.3855059(33) 1.466(54) 2.4(23) 0.70 17/18 139/
12-1 22222e-01101f 7877.00633(35) 8544.38615(35) 0.3855006(14) 1.388(10) 0.70 16/18 138/
12-1 22222f-01101f 7877.00713(28) 8544.38696(28) | 0.38550125(87) 1.3955(33) 0.60 15/18 13/ /51
perturbed band, 32211e<>21122¢ Coriolis
11-0 32211e-00001e 7897.5422(27) 7897.5422(27) 0.388987(19) 11.79(30) 0.72 7/15 29/ /25 resonance interaction. Energy level
crossing at J=29.
32211f-21122f Coriolis resonance
11-0 822111-00001e /10 interaction. Energy level crossing at J=32.
perturbed band,
11-0 21122e-00001e 7901.47050(53) 7901.47050(53) 0.3842956(99) 2.42(45) 1330.(54) 0.82 21/28 371 /23 32211e+>21122¢ Coriolis resonance
interaction. Energy level crossing at J=29.
11-0 21122e-00001e 7901.613(71) 0.383800 (117) 1.57(100) 24/48/50 Mandin [2]
perturbed band,
11-0 21122f-00001e 17 32211f<21122f Coriolis resonance
interaction. Energy level crossing at J=32.
11-0 40011e-00001e 7920.83157(32) 7920.83157(32) 0.3885497(10) 0.5360(73) 1.60(14) 0.59 25/26 59/ |/
11-0 40011e-00001e 7920.8383(2) 0.3885500(13) 0.550(17) 0.66 44/ /48 Mandin [2]
Notes.

RMS: Standard deviation of the fit of the rovibrational parameters
Ngr: number of line positions included in the fit.

Ncrps: Number of line positions observed by CW-CRDS in the present work
NrotaL: total number of line positions assigned to the considered bands.

Jmax: maximum value of the rotational quantum number of the assigned transitions.
The spectroscopic parameters of the lower states were taken from Ref. [25].
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Table 2. Experimental data and results of the global fits.

Reference Region (cm™)  Accuracy (%) N @ RMS(%)®

15012¢ct80 AP=10 series
This work 7123-7322 3-6 65 5.3

12(21602 AP=11 series

Valero [3] 7548-7617 2-11 49 5.7
Valero and Boese [4,5] 7698-7760 1-5 21 4.1
Giver et al [6] 7422-7951 2-10 60 3.1
Wattson et al [7] 7885-7925 10 38 6.3
Teffo et al [8] 7474-8310 3 93 2.2
This work 7123-7917 3-6 1650 5.0

@ N - number of fitted line intensities, ® RMS - corresponding residuals.

Table 3. Summary of the line intensity fits.

Number of Number of

SerieS Ilnes bands \]max Smina Smaxa x RMS (%) n b
%ol2c®0 4P =10 65 2 42 1.84x10%° 2.66x10%° 1.4 5.3 2
2c1%0, AP =11 1911 45 76 1.53x10%° 243x10%* 1.3 4.9 15

@ Spin and Smax (in cm/molecule) are the minimum and maximum values of line intensity included
into the fit.
®) 1 is the number of adjusted parameters.




Table 4. Effective dipole moment parameters.

Parameter® AV, AV, AVs 44 Value Order
1012C0 AP=10 series
M 2 0 2 0  -0.19377(94) 10
M 1 2 2 0 0.198(12) 10°
12c1%0, AP=11 series

M 4 0 1 0 0.15863(11) 10™
K 4 0 1 0 0.371(69) 102
by 4 0 1 0 0.405(17) 10°°
M 3 2 1 0  -0.13134(53) 10°
M 2 4 1 0 0.649(18) 1077
M 1 6 1 0 -0.197(41) 10°®
M 1 0 3 0 0.74913(17) 10
M 0 2 3 0  -0.2071(85) 10°
M 2 1 2 1 -0.26158(45) 10°
by 2 1 2 1 0.38321(96) 10"
M 1 3 2 1 0.1686(25) 10°°
by 1 3 2 1 0.8196(83) 10"
M 3 -1 2 1 -0.1187(98) 10°°
M 5 1 0 1 0.108(11) 10”7
by 5 1 0 1 0.1808(40)

% The parameters M are given in Debye while the by parameters are dimensionless.
Only relative signs of the M parameters within a given series of transitions are determined.
®) The numbers in parentheses correspond to one standard deviation in units of the last quoted digit.
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Fig. 5
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Fig. 6
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