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ABSTRACT

Models of astronomical environments containing CO require accurate molecular data to reproduce and interpret observations. We
conduct experiments at the SOLEIL synchrotron facility to acquire data to model CO photochemistry in the vacuum ultraviolet. The
improvement in UV spectroscopic instrumentation in both sensitivity and resolution provides more accurate laboratory spectroscopic
determinations. We continue our work on photoabsorption oscillator strengths and predissociation rates for 12C16O; we report new
measurements for two additional isotopologues, 13C16O and 12C18O, of four bands from X 1Σ+ (v′′ = 0) to the v′ = 0–3 vibra-
tional levels of the core-excited W 1Π Rydberg state and for four overlapping bands (three resolved and one diffuse) between 92.97
and 93.35 nm. Some of the latter include unidentified perturbations. Absorption spectra were recorded using the vacuum-ultraviolet
Fourier-transform spectrometer that is installed on the DESIRS beamline at SOLEIL which provides a resolving power R = 350 000.
This resolution allows the analysis of individual line strengths and widths in the electronic transitions and the identification of a pre-
viously unobserved perturbation in the W(1) level. Gas column densities in the differentially-pumped system were calibrated using
the B 1Σ+ – X 1Σ+(v′ = 0,v′′ = 0) band. Absorption bands are analyzed by synthesizing line and band profiles and fitting them to the
measured spectra. These considerably improved results are compared with earlier determinations.

Key words. ISM: molecules – methods: laboratory: molecular – techniques: spectroscopic – ultraviolet: ISM

1. Introduction

Owing to its high abundance, CO is used as a probe of many as-
tronomical environments, including photon-dominated regions
in interstellar clouds, circumstellar disks around newly formed
stars, and the envelopes surrounding stars near the end of their
lives. In these environments, the carbon monoxide abundance
and the ratio of its isotopologues are determined by its photo-
chemistry under ultraviolet irradiation.

Building upon the publication of results concerning 12C16O
(Eidelsberg et al. 2012, hereafter E12), the current investigation
describes our high-resolution measurements of two additional
CO isotopologues, 13C16O and 12C18O. This work is part of a
larger effort to catalog, interpret, and model the photoabsorption
spectrum of CO throughout the 91 to 112 nm region. We present
oscillator strengths (f -values) and upper-level predissociation

rates for transitions to the four lowest vibrational levels of
the W 3sσ 1Π state (built on the CO+ A 2Π core) and two p
complexes, 4p(2) and 5p(0), in the Rydberg series that converge
to the v = 2 and v = 0 levels of the CO+ ground state (Eidelsberg
et al. 2004a).

Our measurements were undertaken at the third-generation
SOLEIL synchrotron facility in Saint-Aubin, France. The
vacuum-ultraviolet Fourier-transform spectrometer (VUV-FTS)
installed on the DESIRS beam line, which combines high spec-
tral resolution and high signal-to-noise, has allowed us to im-
prove upon our earlier results for the W – X bands and the 4p
and 5p complexes of 13C16O and 12C18O (Eidelsberg et al. 1991,
2006).

The VUV-FTS spectra provide the most detailed view of the
W – X bands and 4p5p complexes for 13C16O and 12C18O to date.
In the course of our analyses, we find (1) differences in f -values
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and predissociation rates for levels of e- and f -parity for several
bands; (2) perturbations not observed before; and (3) regular se-
quences of lines from unidentified bands. Here, we discuss these
findings and focus on the refined values for f -values and predis-
sociation rates. In future publications, we will place the results
into context from the perspective of molecular structure.

This paper is organized in the following way. Section 2 de-
scribes the experiment setup, while Sect. 3 gives an outline
of the analysis. The next Sect. 4 presents our results for the
W – X bands (Sect. 4.1) and the 4p5p complexes (Sect. 4.2). The
last section places these results into an astrophysical context.

2. Experimental setup

The experimental setup, the VUV-FTS end-station of the high-
resolution absorption spectroscopy branch of the DESIRS beam-
line at the SOLEIL Synchrotron, is described in several publica-
tions (de Oliveira et al. 2009, 2011; Nahon et al. 2012, 2013) in
detail. An extended description of its specific use for CO mea-
surements is presented in E12 and in Gavilan et al. (2013). Here,
we only summarize the main features.

The undulator source (with a Gaussian-like profile of typical
bandwidth of ∼7 nm at 100 nm) delivers an harmonic-free co-
herent continuum background after passing through a gas filter
filled with argon. Two overlapping spectral windows were em-
ployed in the present measurements (not including the window
centered on the B(0) – X(0) calibration band at 112 nm).

The gas-sample chamber includes a windowless gas cell
(10-cm long that is equipped with two 15-cm external capillaries
and permanently installed) that can be cooled with liquid nitro-
gen (contained in a concentric cylindrical vessel). High-purity
gases 13C16O (Messer (13C: 99.1%; 16O 99.95%) or CK-gas
(13C 99%; 18O < 2%)), and 12C18O (ICON isotopes, 18O 99%)
continuously flow through the open cell.

Two stages of differential pumping maintain the ultrahigh
vacuum in the VUV-FTS and in the DESIRS beamline. The
pressure in the absorption cell cannot be directly measured nor
is its pressure constant with position in the cell and capillaries.
A 0.1 mbar full-scale capacitance gauge monitored the CO pres-
sure in the external gas-handling system. Small drifts in this
pressure (∼5%) were electronically recorded during absorption
scans. The CO column densities in the windowless cell were de-
termined for each external pressure setting by recording a series
of absorption profiles of the B(v′ = 0) – X(v′′ = 0) band (labeled
B00 for brevity) at 112 nm. The B00 band f -value of 12C16O has
been well-characterized via laser-based and synchrotron-based
absorption measurements in a windowed cell (Stark et al. 1999
and Federman et al. 2001, respectively). Pressure values usu-
ally ranged from 3 to 60 µbar (recorded upstream from the win-
dowless cell), providing the cell with column densities in the
range of 6 to 120 × 1014 cm−2. To avoid saturation effects in the
strongest bands, only pressures providing column densities in
the 3 to 15 × 1014 cm−2 range have been used in the fitting pro-
cedure, which correspond to an optical depth <1.6 for the thick-
est lines of the B00 calibration band. When necessary, spectra
obtained with the liquid-nitrogen cooled windowless cell were
recorded at lower pressures to disentangle the regions where the
lines are congested, as in band heads, and where bands overlap.
In a few cases, higher pressures up to 3 mbar were used to detect
faint lines in the blue and red wings of some bands.

Owing to strict linearity in the wavenumber scale, the spec-
tra can be put on an absolute scale using a single reference
wavelength in the source. The presence of a strong Ar I line
at 111 818.05 cm−1, compiled in the NIST Atomic Database

(Saloman 2004), is used to improve the accuracy in the wave-
length calibration by setting all the scans on the same wavelength
scale before co-addition.

In summary, the VUV-FTS provides a typical measured re-
solving power of ∼350 000 in the 90 to 125 nm range, which
is considerably higher than conventional broadband techniques
based on grating spectrometers. Furthermore, the instrument
provides an efficient data collection rate (de Oliveira et al. 2011),
which is particularly important during a synchrotron run because
the time given to perform measurements is limited. The qual-
ity of the CO absorption spectra obtained with this instrument
shows significant improvement over those previously obtained
at the Super-ACO synchrotron ring in Orsay (Eidelsberg et al.
2004b, 2006) and at the Photon Factory facility in Japan (e.g.,
Stark et al. 1991, 1993). The detailed analyses presented below
are a consequence of this improvement.

3. Data analysis

The fitting procedure used to determine f -values of absorption
bands in the two isotopic species 13C16O and 12C18O has been
previously described (Eidelsberg et al. 1999, 2004b) and re-
cently applied to the absorption spectra of 12C16O that is ob-
tained with the VUV-FTS at SOLEIL (E12) under the same
experimental conditions as used in the present study. Here, we
provide a brief summary. From the record of the transmitted in-
tensity, I(λ), we first derive the incident flux of the undulator
source, I0(λ). This is obtained either by a linear interpolation
over a small wavelength range (in the case of the W – X bands) or
by a curve-fitting interpolation of I0(λ) from wavelength regions
adjacent to the absorption features that are free of absorption (in
the case of the 4p5p complexes). For an ideal measurement with
infinite resolving power, I(λ) and I0(λ) may be transformed into
an optical depth, τ(λ), using the Beer Lambert law,

τ(λ) = ln[I0(λ)/I(λ)]. (1)

The absorption cross section, σ(λ), and the band oscillator
strength, f v′v′′ , is related to the optical depth and gas column
density, N, according to σ(λ) = τ(λ)/N, and

fv′v′′ = (1.13 × 1018)

∫
τ(λ)dλ

Nλ2 , (2)

where λ is in nm, N is the column density in cm−2, σ is in cm2,
and the integration is over the band profile. For our measure-
ments, the lower level v′′ always refers to the X 1Σ+ (v′′ = 0)
ground state level.

To take the effects of instrumental broadening into account,
a simulated absorption spectrum is calculated for each band
from the wavelength, the line strength, and the predissocia-
tion linewidth of each constituent rotational line. Then Doppler
broadened line-shapes are constructed for each line, and their
sum is used to generate an optical depth and ideal absorption
spectrum, I(λ). A model transmission spectrum is obtained by
convolving I(λ) with a sinc-function instrumental broadening
profile that matches the theoretical profile of the Fourier trans-
form spectrometer. The profile reproduces the oscillations seen
for the narrow atomic Ar absorption lines that are used for wave-
length calibration in our experiments (as in Gavilan et al. 2013)
in detail. The full width at half maximum (FWHM) of the in-
strumental sinc function is 4.2 × 10−4 nm at 115 nm and 2.8 ×
10−4 nm at 93.1 nm.
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The wavelengths of rotational lines within the studied bands
were fixed to previously published values, when available
(for 13C16O, Eikema et al. 1994; for 13C16O and 12C18O adjusted
to match the measured SOLEIL spectra. The simulated spectrum
is adjusted in addition to best match the measured spectra by it-
erative individual fitting or by a non-linear least square fitting
procedure in which the band oscillator strengths and the pre-
dissociation linewidths are free parameters. For some measured
bands in this study, the rotational line f -values follow the simple
patterns associated with unperturbed transitions and a tempera-
ture dependent Boltzmann distribution of the ground state rota-
tional levels. For unperturbed 1Σ – 1Σ and 1Π – 1Σ transitions,
the band f v′v′′ oscillator strength is related to the rotational line
oscillator strength f v′v′′J′J′′ by

fv′v′′J′J′′ = fv′v′′/(2J′′ + 1) × S J′J′′ , (3)

where S J′J′′ are the Hönl-London strength factors (Herzberg
1950). Hönl-London factors for a 1Σ −1 Σ transition are J′′ and
(J′′ + 1) for the P- and R-branch, respectively, while they are
J′′ − 1, 2J′′ + 1, and J′′ + 2 for the P-, Q-, and R-branch for
a 1Π −1 Σ transition, respectively.

For unperturbed bands, the band f -values derived from the
application of Eq. (3) to measured line f -values are independent
of the rotational quantum number J, and a single band oscillator
strength is calculated by the fitting procedure described above
for an absorption band.

In a few cases, the line f -value patterns deviate significantly
from those predicted by Hönl-London factors for the R-, P-,
and Q-branches, and the band f -value, which can be determined
from fitting of the well-resolved rotational lines, is characterized
by a marked J dependence. The derived band f (J′) values are
then treated as a polynomial in J′(J′ + 1) that is extrapolated to
J′ = 0 and referred to as a rotationless band f -value. They are
noted below as f (0) and f(x), so that f (J′) = f (0) + f(x) with x =
J′(J′ + 1).

Most of the bands display a J dependence in their linewidths
and/or different linewidths associated with transitions to the e-
and f -parity levels of the upper state. The J dependences of
these linewidths are also represented by simple polynomial fits
in J′(J′+1). For the W bands with v′ = 2, an additional quadratic
term was needed for both isotopologues.

For diffuse bands, an integration of σ(λ) over their full extent
is required. For the few unidentified lines observed within a well-
known band, determination of an approximate f -value for this
set of lines was obtained by subtracting the f -value of the known
band, as obtained by fitting, from the f -value derived from the
experimental spectrum.

A weighted average of nearly identical results for the
B(0) - X(0) absolute band f -value (6.5×10−3) was used for pres-
sure calibration. The weighted uncertainty is 7%. This band was
regularly recorded to calibrate the absolute column density of
bands observed for the 13C16O and 12C18O isotopologues. An
isotopologue independence for this band is assumed, as dis-
cussed in more detail in the paper on the B – X, C – X, and
E – X bands for five isotopologues of CO (Stark et al. 2014).

From the measured natural (Lorentzian) linewidths, ΓL, of
rotational transitions, predissociation rates k(s−1) = 2π c ΓL are
calculated from the relation (Eidelsberg et al. 2006),

k = (1.884 × 1015)ΓL(pm)[λ(nm)]−2 (4)

or

k = (1.884 × 1011)ΓL(cm−1), (5)

where ΓL is measured at FWHM and λ is the wavelength of the
band origin for the transition.

The uncertainties in the tables below were derived in the fol-
lowing manner. For f -values, several steps were involved. When
results for more than one pressure were used, a weighted average
was obtained from the individual results, where the uncertain-
ties in the fit were adopted as weights. The uncertainties in the
f -value for the calibration band (7%) and in systematic effects
that are inferred from the range of values obtained at different
pressures (typically 1–2%) were added in quadrature to the un-
certainty that is associated with the weighted average used to
arrive at the uncertainties appearing on the tables. For predis-
sociation rates, the uncertainties from the least-squares fit were
used in a weighted average. The resulting uncertainty appears in
the tables. The results obtained at 293 K and 77 K are consistent,
which do not show any significant difference in the predissoci-
ation linewidths. The consistency of the J′ dependence is more
difficult to evaluate as the number of available lines at 77 K is
heavily reduced (J′ ≤ 5), and their intensities are much more
reduced at high J′.

4. Results and discussion

4.1. W bands

The 3sσ 1Π state (W state) is the n = 3 member of the Rydberg
series that converges to the A2Π second ionization limit of CO+.
The four absorption bands W (v′ = 0,1,2,3) – X 1Σ+(v′′ = 0)
of CO (labeled W00, W10, W20, and W30 for brevity) were
previously studied at a lower resolution for the two isotopo-
logues, 13C16O and 12C18O (Eidelsberg et al. 2006). As for the
recent re-investigation of these bands in 12C16O (E12), the im-
provement in resolution allows us to distinguish many new ro-
tational lines, for which wavelengths have been measured. The
measured wavelengths of the rotationally resolved lines of W00
and W20 in 13C16O are in very good agreement with the pub-
lished data of Eikema et al. (1994). A new set of wavelengths
for the W00 and W10 bands in 13C16O and 12C18O have been de-
termined from our SOLEIL spectra and have been recently pub-
lished (Lefèbvre-Brion & Eidelsberg 2012). The newly observed
perturbations in the W10 and W20 bands of our 12C16O spectra
are also observed in these two isotopologues, which result in a
new assignment of the rotational lines.

For all four W – X bands, a single band f -value is speci-
fied; the strengths of individual rotational transitions are well
described by the Hönl-London line strength factors (S J′J′′ ) and
a temperature dependent (293 K) Boltzmann distribution of
ground-state rotational levels. The spectra for both isotopo-
logues 13C16O and 12C18O are qualitatively very similar and fol-
low the same trend of oscillator strengths and predissociation
rates for increasing v′.

4.1.1. W – X (0,0)

The Q lines of the W00 band are well resolved until J′ = 22,
whereas only P lines from J′ = 5 to 16 are resolved and most R
lines overlap (see Fig. 1 for 13C16O and Fig. 2 for 12C18O).

Band oscillator strengths derived from fitting of individual
Q-branch lines were found to decrease slightly from J′ > 10 for
both 13C16O (Fig. 3) and 12C18O (Fig. 4). The resolved P-lines
exhibit a sharp drop in intensity and distinct line broadening. A
single band oscillator strength is obtained by fitting simultane-
ously the R-, P-, and Q-branch lines using Hönl-London factors
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Fig. 1. 13C16O W(v′ = 0) – X(v′′ = 0) band. Experimental spectrum
(black line) and fit (blue line). The fitting residuals are shifted by −0.1.

Fig. 2. 12C18O W(v′ = 0) – X(v′′ = 0) band. Experimental spec-
trum (black line) and fit (green line). The fitting residuals are shifted
by −0.05.

Fig. 3. 13C16O oscillator strengths for the W(v′ = 0) – X(v′′ = 0) band,
as deduced from the Q-branch analysis only (see text).

with a small correction (<2%) in intensity for P, R, and Q lines
of high J′. These intensity corrections with their error bars are
included in Figs. 3 and 4). However, due to the large error bars at
high J′, a single oscillator strength is quoted in Tables 1 and 2.

Fig. 4. 12C18O oscillator strengths for the W(v′ = 0) – X(v′′ = 0) band,
as deduced from the Q-branch analysis only (see text).

Fig. 5. 13C16O measured predissociation linewidths for the W(v′ = 0) –
X(v′′ = 0).

Table 1. 13C16O oscillator strengths for the W(v = 0, 1, 2, 3) –
X (0) bands.

Ref. W00a W10 W20 W30
Present 12.67(0.82) 14.78(0.94) 27.14(1.72) 15.92(1.02)
E06 15.1(0.7) 16.1(2.8) 29.1(1.3) 18.7(1.4)
E91 13.2(1.3) 16.1(1.6) 27.9(2.8) 18.7(1.9)

Notes. Uncertainties are given in parentheses (1 standard error).
Comparison with previous f -value results: E91 (Eidelsberg et al. 1991),
E06 (Eidelsberg et al. 2006). (a) W(0) – X(0).

Table 2. 12C18O oscillator strengths for the W(v = 0, 1, 2, 3) –
X (0) bands.

Ref. W00a W10 W20 W30
Present 13.94(0.86) 13.37(0.83) 26.40(1.63) 18.10(1.12)
E91 13.2(1.3) 16.1(1.6) 27.9(2.8) 18.6(1.9)

Notes. Uncertainties are given in parentheses (1 standard error).
Comparison with previous f -value results: E91 (Eidelsberg et al. 1991).
(a) W(0) – X(0).

The Lorentzian linewidths, ΓL, calculated from fitting indi-
vidual Q-branch lines increase slightly until J′ = 12, while the
P-branch linewidths show a rapid increase with J′. The predis-
sociation linewidths were fit to separate functions of the form
ΓL = f [(J′)(J′ + 1)] for Πe and Π f components that were ob-
tained from the measured linewidths (See Fig. 5 for 13C16O and
Fig. 6 for 12C18O, where both e- and f -parity flavors are shown as
we are dealing with an upper Πe level). For both isotopologues,
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Fig. 6. 12C18O measured predissociation linewidths for the W(v′ = 0) –
X(v′′ = 0) band.

a linear proportionality with J′(J′ + 1) is found for Πe com-
ponents as reported by Eikema et al. (1994) for 13C16O. For
the Π f components, the predissociation rate slightly increases
up to the highest J-values. A slight wave-like shape is observed
in the predissociation f -parity linewidths in Figs. 5 and 6. Such
an effect is explained by the difficulty of simultaneously fitting
strong Q-lines and weak P-lines when adopting a line by line
procedure.

4.1.2. W – X (1,0)

The W10 band is heavily broadened and has overlapped ro-
tational lines in both the 13C16O and 12C18O isotopologues.
Thus, few oscillator strengths or widths could be fitted inde-
pendently. The analysis of this band is complicated by a level
crossing between W(1) and another state of lower rotational con-
stant, which occurs between J′ = 7 and 8 for both isotopo-
logues. Accompanying this level crossing is rotational linewidth
variations, which follow a similar pattern to what was found
previously for 12C16O (E12). That is, the observed widths in-
crease rapidly for low J′ values until the crossing point with the
perturber, after which the observed lines are significantly nar-
rower but continue to broaden. This J dependence was modeled
during the fitting of the spectrum as a piecewise linear trend
with J′(J′ + 1). Figure 7 shows the W10 spectrum for 13C16O
(and Fig. 8 for 12C18O), where the narrowest lines correspond
to P(9), Q(8), and R(7) transitions. The assignment of these dis-
tinctive features greatly facilitated the modeling of the rest of
the band. The W10 lines that are closest to the crossing point
are weakened by the perturbation, and extra lines appear at ener-
gies above the band head in high pressure measurements (some
of which are noted p and marked with vertical red lines identi-
fying their exact positions in Figs. 7 and 8). These lines were
assigned to the perturbing state; the strongest of these corre-
sponds to the same J′ as the anomalously weak W10 R-branch
lines. For 13C16O, there are five extra R-branch lines and only
two for 12C18O. There is some improvement in the fit of the
spectrum if extra P(6) and Q(5) lines are added to the spectrum
of 12C18O. A fit of this band is shown in Fig. 7 for 13C16O and
Fig. 8 for 12C18O.

To study the curious perturbation of W10 in more detail,
we have commissioned additional measurements of its FUV ab-
sorption, which requires us to employ higher column densities,
liquid nitrogen cooled samples, and additional isotopologues of
CO. We will present more detailed spectroscopic results for this
band in a separate paper (Heays et al., in prep.). The Lorentzian

Fig. 7. 13C16O W(v′ = 1) – X(v′′ = 0) band. Experimental spec-
trum (black line) and fit (blue line). The fitting residuals are shifted
by −0.125. Perturbing lines, labeled p, are also shown (see text).

Fig. 8. 12C18O W(v′ = 1) – X(v′′ = 0) band. Experimental spec-
trum (black line) and fit (green line). The fitting residuals are shifted
by −0.15. Perturbing lines, labeled p, are also shown (see text).

predissociation linewidths determined for W10 are shown in
Fig. 9 for 13C16O and Fig. 10 for 12C18O. These clearly show
the presence of the perturbation for both isotopologues. The out-
lying point at J′ = 7 for 12C18O on Fig. 10 could be due either
to the heavy blending of the R-lines around J′ = 6 and 7 or to
a higher-order polynomial dependence, where not enough infor-
mation is available.

Oscillator strengths measurements similar to the ones shown
in Figs. 3 and 4 are not possible for the W10 band, since the
P-lines are almost completely blended. The f -value is then de-
rived by considering the complete spectrum.

4.1.3. W – X (2,0)

Rotational line identifications were facilitated by also recording
spectra at low temperature, and new line positions were mea-
sured for 13C16O (Fig. 11) and 12C18O (Fig. 12).
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Fig. 9. 13C16O measured predissociation linewidths for the W(v′ = 1) –
X(v′′ = 0) band.

Fig. 10. 12C18O measured predissociation linewidths for the W(v′ = 1) –
X(v′′ = 0) band.

Fig. 11. 13C16O W(v′ = 2) – X(v′′ = 0) band. Experimental spectrum
(black line) and fit (blue line). The fitting residuals are shifted by −0.2.
Perturbing or overlapping lines, labeled p, are also shown (see text).

Local perturbations in the observed energies and intensities
were found for Πe J = 8 in both isotopologues. A distinct extra
feature was observed, assigned as a P(9) line from the perturbing
state, and the quality of the fit of the W20 R-branch bandhead is
improved by introducing an additional R(7) line. In 12C18O, the

Fig. 12. 12C18O W(v′ = 2) – X(v′′ = 0) band. Experimental spectrum
(black line) and fit (green line). The fitting residuals are shifted by −0.2.
Perturbing lines, labeled p, are also shown (see text).

Fig. 13. 13C16O measured predissociation linewidths for the W(v′ = 2) –
X(v′′ = 0) band.

extra P(9) line is found to be blended with the abnormally strong
Q(12) line observed in our cold spectrum. This perturbation is
parity dependent; no corresponding effect is seen for the Q(8)
line. Strength, width, and line position matching this P(9) line
may be explained if the perturber is a bound state of Σ sym-
metry. Other local perturbations of rotational energy levels are
found in both isotopologues for P(5) and P(6) and shifted by one
J′ value for Q(5) and Q(6), and another is found between Q(12)
and Q(13). New identifications and wavelengths may be ob-
tained by request to the authors. Perturbations are noted p and
marked with vertical red lines identifying their exact positions
in Figs. 11 and 12.

The predissociation effect was found to be parity indepen-
dent, and the line broadening of the R-, P-, and Q-branch
lines follows a similar trend. Predissociation rates k for the Πe
and Π f components were averaged and plotted as a function of
J′(J′ + 1) (Fig. 13 for 13C16O and Fig. 14 for 12C18O). They
are well represented by a quadratic curve, which reproduces the
rapid increase of the predissociation rate from J′ = 8, as found
by Eikema et al. (1994) for 13C16O.

As for the W10 band, oscillator strength measurements sim-
ilar to the ones shown in Figs. 3 and 4 are not possible for the
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Fig. 14. 12C18O measured predissociation linewidths for the W(v′ = 2) –
X(v′′ = 0) band.

Fig. 15. 13C16O W(v′=3) – X(v′′ = 0) band. Experimental spectrum
(black line) and fit (blue line). The fitting residuals are shifted by −0.05.

W20 band as the P- and Q-lines are completely mixed (despite
that a few lines at high J′ are separated). The f -value is then
derived by considering the complete spectrum.

4.1.4. W – X (3,0)

The W30 band is very diffuse, but its synthesis, shown in Fig. 15
for 13C16O and Fig. 16 for 12C18O, was easily achieved: its ro-
tational line strengths are well characterized by Hönl-London
factors. Only a few strong Q lines are resolved; all R-branch
lines and P-branch lines until J′ = 7 are blended, and only a
few weak and diffuse P lines for J′ > 7 in 13C16O and J′ > 8
in 12C18O are independently resolved. In both isotopologues, the
predissociation rates were determined by fitting the band with
a J-independent oscillator strength, and the measured predis-
sociation linewidths were found to be J-dependent and distinct
for e- and f -parity levels. The linear J dependence of predisso-
ciation linewidths assumed during the fitting process are plotted
in Fig. 17 for 13C16O and Fig. 18 for 12C18O.

As for the W10 and W20 bands, oscillator strengths measure-
ments similar to the ones shown in Figs. 3 and 4 are not possible
for the W30 band, as the P-lines are almost completely blended.
The f -value is then derived considering the complete spectrum.

Fig. 16. 12C18O W(v′=3) – X(v′′ = 0) band. Experimental spec-
trum (black line) and fit (green line). The fitting residuals are shifted
by −0.15.

Fig. 17. 13C16O measured predissociation linewidths for the W(v′ = 3) –
X(v′′ = 0) band.

Fig. 18. 12C18O measured predissociation linewidths for the W(v′ = 3) –
X(v′′ = 0) band.

4.1.5. Summary

All the deduced f -values are collected in Table 1 for 13C16O and
Table 2 for 12C18O, and the Lorentzian predissociation rates ap-
pear in Table 3 for 13C16O and Table 4 for 12C18O. They are
compared with results from previous measurements (see tables).
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Table 3. 13C16O predissociation rates for the W(v = 0, 1, 2, 3) – X(0) bands.

Level Ref. Parity Predissociation ratea

W00 Present e 0.220(0.060) + 0.011(0.001)xb

Present f 0.187(0.009) + 0.002(0.001)x
E06 e 0.10 + 0.02xc

E06 f 0.10c

E94 e,f ≤0.3 + 0.013(0.002)x
L92b e,f ≤0.3
E91 e,f 0.1

W10 Present (J′ < 8)d e,f 2.92(0.15) + 0.102(0.006)x
Present (J′ > 7)d e,f –4.77(0.24) + 0.081(0.009)x

E06 e,f 7.2c

E91 e,f 3.3
W20 Present e,f 0.472(0.043) + 0.0067(0.0011)x + [9.4(0.6)] × 10−5 x2

E06 e 0.76(0.21) + 0.042(0.021)x
f 0.76(0.21) + 0.021(0.010)x

E94 e,f 0.75(0.15)
L92b e,f 0.47(0.19)
L92a e,f 0.58(0.13)
E91 e,f 1.0

W30 Present e 1.998(0.064) + 0.1500(0.0028)x
Present f 1.680(0.021) + 0.0124(0.0004)x

E06 e,f 1.0(0.1) + 0.22(0.07)x
E91 e,f 3.3

Notes. Uncertainties are given in parentheses (1 standard error). Comparison with previous predissociation rate results: E91 (Eidelsberg et al.
1991), L92a (Levelt et al.1992a), L92b (Levelt et al. 1992b), E94 (Eikema et al. 1994), and E06 (Eidelsberg et al. 2006). (a) Predissociation rates
in units of (1011 s−1); (b) x = J(J + 1); (c) held fixed; (d) 40 mTorr results.

Table 4. 12C18O predissociation rates for the W(v = 0, 1, 2, 3) – X(0) bands.

Level Ref. Parity Predissociation ratea

W00 Present e 0.226(0.021) + 0.0147(0.0004)xb

Present f 0.228(0.009) + 0.00130(0.00007)x
E91 e,f 0.1

W10 Present (J′ < 8) e,f 1.87(0.53) + 0.141(0.017)x
Present (J′> 7) e,f –5.96(0.60) + 0.094(0.004)x

E91 e,f 3.3
W20 Present e,f 0.644(0.004) + 0.00170(0.00087)x + [5.27(0.35)] × 10−5 x2

E91 e,f 1.0
W30 Present e 1.70(0.06) + 0.164(0.004)x

Present f 1.41(0.02) + 0.0145(0.0002)x
E91 e,f 3.3

Notes. Uncertainties are given in parentheses (1 standard error). Comparison with previous predissociation rate results: E91 (Eidelsberg et al.
1991). (a) Predissociation rates in units of (1011 s−1). (b) x = J(J+1).

As indicated earlier, the accuracy of the f -value measure-
ments is limited primarily by the 7% uncertainty on the calibra-
tion of the B00 f -value that is determined for 12C16O from pre-
vious measurements (Stark et al. 1999; Federman et al. 2001).
The consistency among measurements with different instrumen-
tal resolutions occurs for the most part because the studied upper
levels have large predissociation rates. This leads to relatively
broad line profiles and minimal systematic errors associated with
the under-resolution of line profiles.

For 13C16O (Table 1), even if the values from E06 and E91
for W10 and W30 agree more, we have more confidence in the
present results obtained at much higher resolution.

We find a J dependence in the predissociation rates for all
e- and f -parity levels of the four observed exited states. For
the W00 and W30 bands, the predissociation rates are also
parity dependent. The comparison with earlier results show
overall agreement between determinations. The present results

provide the first evidence for J-dependent rates for the set of
W – X bands. The isotopologue dependences in band f -values
will be analyzed in terms of molecular structure in a forthcom-
ing paper.

4.2. The 92.97–93.37 nm region (4p(2) and 5p(0)
complexes)

The absorption spectra in the 93.2–93.5 nm region are very sim-
ilar for both isotopologues, 13C16O and 12C18O. This region
comprises three well-resolved bands identified as 4pπ 1Π(2) –
X1Σ+(0), 5pπ 1Π(0) – X1Σ+(0), and 5pσ 1Σ+(0) – X1Σ+(0) and
one diffuse band of 1Π – 1Σ character. The resolved bands are
labeled 4pπ 1Π(2–0), 5pπ 1Π(0–0), and 5pσ 1Σ+(0–0) for con-
ciseness. Some unidentified lines appear within the 5pπ 1Π(0–0)
and 5pσ 1Σ+(0–0) bands, both in 13C16O and 12C18O. Room
temperature and cold spectra are shown with the identification
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Fig. 19. 13C16O 4p(2) and 5p(0) Rydberg complexes and surrounding region recorded at 293 K (top) and 77 K (bottom). The column-density N is
in cm−2. Line assignments in each band (4pπ 1Π(2–0), 5pπ 1Π(0–0), and 5pσ 1Σ+(0–0)) are shown on the top panel.

of the observed rotational lines for 13C16O in Fig. 19 and for
12C18O in Fig. 20. Very similar fitting procedures worked well
for both isotopologues, and the combined results are discussed
below for each band.

4.2.1. 4p(2) complex

Fits of the 4pπ 1Π(2) – X1Σ+(0) band, which were recorded at
room temperature and 77 K for 13C16O (Fig. 21) and at room
temperature for 12C18O (Fig. 22) have been obtained using Hönl-
London factors that are appropriate for a pure Π – Σ transition.
The Lorentzian linewidth and its linear dependence in J′(J′ + 1)
have been calculated and introduced in the fitting procedure
as free parameters for the e- and f -components for both iso-
topologues. A similar trend is seen in both room temperature
and 77 K spectra for both isotopologues.

Only a few weak lines labeled a in Figs. 27 and 28 have been
observed in our 5pπ 1Π(0–0) band spectra within the R-branch
for 13C16O and the P-branch for 12C18O. They are likely due to
the weak band, 4pσ 1Σ+(2) – X1Σ+(0), which is previously ob-
served in our 12C16O spectra (E12). The corresponding f -value
is very small for 13C16O and negligible for 12C18O.

4.2.2. 5p(0) complex

The 5pπ 1Π(0) and 5pσ Σ+(0) components of the Rydberg 5p(0)
complex are well characterized in both isotopologues. The 5pπ
1Π(0) – X1Σ+(0) band is clearly observable until J′ = 16 for

the R-, P-, and Q-branch lines. The 5pσ 1Σ+(0) – X1Σ+(0) band
is characterized by a conspicuous R-branch head in both isotopo-
logues reflecting the interactions within the 5p complex.

4.2.2.1. 5pπ 1Π(0) – X1Σ+(0)

First, a simulation was made of the entire 5pπ 1Π(0) – X1Σ+(0)
band by assuming unperturbed Hönl-London factors. Upon
comparison with the measured spectra, the simulated P-branch
appears stronger than expected, and the R-branch weaker.
Consequently, a fitting procedure assuming a single f -value for
a band was not used. Then, an individual fit was calculated for
each rotationally resolved R-, P-, and Q-branch line and pro-
vided information on the J dependence of the band oscillator
strength, as well as on the J dependence of the predissociation
linewidths. The J dependence of f -values for the Q-lines is ade-
quately represented by a linear fit to J′(J′+1). The P- and R-line
f -values are fit to higher order polynomials with a common ro-
tationless f -value, f (J′ = 0), as shown in Fig. 23 for 13C16O and
Fig. 24 for 12C18O.

The most striking features in Figs. 23 and 24 are the rapidly
increasing strength of the P-branch lines with rotational quan-
tum number and the relative weakness of the R-branch lines. The
measured oscillator strengths are reported in terms of a polyno-
mial in x = J′(J′ + 1), f (J′) = f (0) + f (x) that represents the
rotational dependence of the band f -value. The rotationless band
f -value, f (0), and the higher-order polynomial f (x) are reported
in Table 5 for 13C16O and in Table 6 for 12C18O.
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Fig. 20. 12C18O 4p(2) and 5p(0) Rydberg complexes and surrounding region recorded at 293 K (top) and 77 K (bottom). The column-density N is
in cm−2. Line assignments in each band (4pπ 1Π(2–0), 5pπ 1Π(0–0), and 5pσ 1Σ+(0–0)) are shown on the top panel.

Fig. 21. 13C16O experimental spectrum (black line) and fit (blue line) of
the 4pπ 1Π(2–0) band recorded at 293 K (top) with the fitting residuals
shifted by −0.1 and at 77 K (bottom).

The predissociation linewidths were found to be parity de-
pendent (Figs. 25 and 26). The predissociation rates deduced
from the line broadening of the Q-lines are represented by
a linear proportionality in J′(J′ + 1). The high members of
the P-branch exhibit distinct line broadening for J′ > 7 and

Fig. 22. 12C18O experimental spectrum (black line) and fit (green line)
of the 4pπ 1Π(2–0) band recorded at 293 K with the fitting residuals
shifted by −0.05.

predissociation rates are represented by two different functions
in J′(J′ + 1) as reported in Tables 5 and 6.

A room-temperature f -value, fint, which is obtained from a
fit of the entire band with corrected Hönl-London factors and
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Fig. 23. 13C16O oscillator strengths for the 5pπ 1Π(0–0) band.

Fig. 24. 12C18O oscillator strengths for the 5pπ 1Π(0–0) band.

Fig. 25. 13C16O measured predissociation linewidths for the 5pπ
1Π(0–0) band.

linewidths (Figs. 27 and 28) as determined by the fit of individual
R-, P-, and Q-branch lines, is also reported in Tables 5 and 6 for
13C16O and 12C18O, respectively.

4.2.2.2. 5pσ 1Σ+(0) - X1Σ+(0)

The same procedure used for 5pπ 1Π(0–0) was applied to the
5pσ 1Σ+(0)-X1Σ+(0) band. The line f -values for five P-lines
which are derived from measurements in 13C16O, and nine
P-lines in 12C18O were fit to linearly decreasing functions of
J′(J′ + 1) (See Fig. 29 for 13C16O and Fig. 30 for 12C18O). The
strengths of the four R-branch lines, which were fitted individ-
ually in the 13C16O spectra, increase rapidly until J′ = 5. From
using a simple Hönl-London progression of line strengths and
fitting the entire band, it was also clear that higher J′ lines con-
tinue to be perturbed. The comparison of a synthetic band model Ta
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Fig. 26. 12C18O measured predissociation linewidths for the 5pπ
1Π(0–0) band.

Fig. 27. 13C16O experimental spectrum (black line) and fit (blue line)
of the 5pπ 1Π(0–0) band recorded at 293 K with the fitting residuals
shifted by −0.6. Two series of unidentified lines, labeled a and b, are
also shown (see text).

Fig. 28. 12C18O experimental spectrum (black line) and fit (green line)
of the 5pπ 1Π(0–0) band recorded at 293 K with the fitting residuals
shifted by −0.5. Two series of unidentified lines, labeled a and b, are
also shown (see text).

with our measured spectra indicates that the R-branch lines may
be stronger than predicted by Hönl-London factors that are ap-
propriate for a pure 1Π – 1Σ transition. The R-branch in 12C18O
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Fig. 29. 13C16O oscillator strengths for the 5pσ 1Σ+(0–0) band.

Fig. 30. 12C18O oscillator strengths for the 5pσ 1Σ+(0–0) band.

Fig. 31. 13C16O measured predissociation linewidths for the 5pσ
1Σ+(0–0) band.

is similarly perturbed, although no lines could be reliably fitted
individually. The rotationless f -values and their fitted J′ depen-
dence are reported in Table 5 for 13C16O and Table 6 for 12C18O.

The predissociation linewidths reported in Fig. 31 for 13C16O
and Fig. 32 for 12C18O increase with J′ at a non-constant rate.
Two linear fits, for low and high J′, are used to reproduce the
J′(J′ + 1) dependences.

As for the 5pπ 1Π(0–0) band, a room-temperature f -value,
f int, has been determined from the fit of the entire band with cor-
rected Hönl-London factors and linewidths, as determined by the
fit of individual R- and P-lines (Figs. 33 and 34) and is reported
in Tables 5 and 6 for 13C16O and 12C18O.

Fig. 32. 12C18O measured predissociation linewidths for the 5pσ
1Σ+(0–0) band.

Fig. 33. 13C16O experimental spectrum (black line) and fit (blue line)
of the 5pσ 1Σ+(0–0) band recorded at 293 K with the fitting residuals
shifted by −0.4. Regularly spaced unidentified lines, labeled c, are also
shown (see text).

Fig. 34. 12C18O experimental spectrum (black line) and fit (green line)
of the 5pσ 1Σ+(0–0) band recorded at 293 K with the fitting residuals
shifted by −0.5. Regularly spaced unidentified lines, labeled c, are also
shown (see text).
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Table 7. Wavelengths (in nm) of the resolved unidentified lines appear-
ing in the 5pπ 1Π(0) and 5pσ 1Σ+(0) bands for 13C16O and 12C18O.

13C16O 12C18O

5pπ 1Π(0) 5pσ 1Σ+(0) 5pπ 1Π(0) 5pσ 1Σ+(0)
cf. Fig. 27 cf. Fig. 33 cf. Fig. 28 cf. Fig. 34
label a label c label a label c
93.1911 93.3073 93.2251 93.3135
93.1940 93.3146 93.2275 93.3203
93.1969 93.3214 93.2300 93.3261
93.1999 93.3274 93.3314
93.2029 93.3327 93.3361
93.2055 93.3410

93.3459
93.3510

label b label b
93.2422 93.2446
93.2425 93.2450
93.2432 93.2458
93.2441 93.2465
93.2452 93.2471
93.2464 93.2485
93.2476 93.2502
93.2487 93.2518

93.2529
93.2535

Notes. Uncertainty is ∼±0.1 pm.

4.2.3. I 1Π – 1Σ+

A predissociation-broadened band is observed in 12C16O (E12)
which overlaps the P-branch of 5pσ 1Σ+(0) – X1Σ+(0), and is
identified as the I 1Π – 1Σ+ transition. This relies on a depertur-
bation analysis (Eidelsberg et al. 2004b). A similar band appears
in the 13C16O and 12C18O spectra that is shifted and well sepa-
rated from the P-branch of 5pσ 1Σ+(0) – X1Σ+(0) (see Figs. 19
and 20). Because of the very strong predissociation, the fitting
procedure was impossible to apply. Instead, we have determined
the band oscillator strength, according to Eq. (2), by measuring
the area at three pressures, 15, 25 and 40 µbar, for 13C16O and 8,
22, and 48 µbar for 12C18O. These results are then extrapolated
to zero pressure by considering the error bars at the three dif-
ferent pressures. The corresponding values are given in Tables 5
and 6.

4.2.4. Unidentified bands

There are unidentified lines (labeled b) between 93.242
and 93.249 nm in 13C16O (Fig. 27) and between 93.245
and 93.254 nm in 12C18O (Fig. 28). These appear within the
P-branch of the 5pπ 1Π(0–0) band, and their measured wave-
lengths are reported in Table 7. The procedure applied for the
determination of the f -value for the I1Π – 1Σ+ band was used
again for the calculation of the oscillator strengths of these
unidentified lines. Subtracting the area of the fitted P-branch
of the 5pσ 1Σ+(0–0) band from the area of the experimen-
tal spectrum in the same wavelength region at different pres-
sures allowed us to estimate the oscillator strength of these
lines reported in Tables 5 and 6. These lines could be attributed
to the II 1Π - 1Σ+ band, which is observed in 12C16O (E12).

This can be observed in Fig. 35 when comparing the com-
plete 4p(2) and 5p(0) regions for 12C16O (top) and 12C18O (bot-
tom). The procedure used above for lines labeled b has been
applied to determine the f -value of the six lines labeled a, which
appear between 93.19 and 93.21 nm within the R-branch of
the 5pπ 1Π(0–0) band in 13C16O. These lines must be due to
the 4pσ(2–0) band observed in 13C16O (see Fig. 35). The f -value
is very small. The f -value of the three a lines, which appear in
12C18O around 93.23 nm and are likely due to the aforemen-
tioned 4pσ(2–0) band, has not be determined.

Some regularly spaced lines, which are labeled c, are visible
inside the P-branch of the 5pσ 1Σ(0–0) band in 13C16O (Fig. 33)
and in 12C18O (Fig. 34) but are not observed in the higher pres-
sure cold spectra (Figs. 19 and 20). These lines appear to be
blended in the 13C16O spectrum.

The error bars on the oscillator strengths of the unidenti-
fied bands have been propagated from the error in the fitting
of the 5pσ(0-0) band after its removal.The signal-to-noise ra-
tio is then more poor as it is reflected in the larger quoted
uncertainties.

4.2.5. Final results

All deduced f -values and predissociation rates are listed in
Table 5 for 13C16O and in Table 6 for 12C18O for the three re-
solved bands and for the diffuse band, respectively. Comparisons
are made with previous existing results (Eidelsberg et al. 1991).
As with the W – X bands, the significant amounts of broadening
present minimize the effects of analyzing optically thick lines,
which results in similar f -values from measurements with differ-
ent spectral resolution. Furthermore, we find no evidence for ab-
sorption within the continuum, as seen in 12C16O spectra (E12).
Upon summing the results for fint for 13C16O and 12C18O, we ob-
tain 47.6 × 10−3 and 56.8 × 10−3, respectively, while the results
in E12 for 12C16O yield 58.0 × 10−3, which includes the contin-
uum absorption. It is not clear if the smaller sum for 13C16O is
significant in light of the ∼10% uncertainty for each band. The
possible differences will be explored further in a future paper.

5. Concluding remarks

In the current study, eight bands are observed in the photo-
absorption spectra of 13C16O and 12C18O for transitions that in-
volve W – X bands and the 4p5p complex in the wavelength
range between 92.5 and 97.5 nm. Band oscillator strengths were
derived from an overall fit of each band, and J-dependent os-
cillator strengths for the bands for which line-by-line fits have
been performed. Predissociation linewidths were determined for
all individually resolved lines or by fitting some bands to a sim-
ple J dependence. These measurements allow for a determina-
tion of the dissociation rate for these completely predissociating
bands. A majority of the integrated photoabsorption and pho-
todissociation cross sections of CO between 92.5 and 97.5 nm
results from the bands observed here.

In the course of this study, a number of perturbations are
seen for the first time. They are revealed by the variations in J
dependence for f -values and predissociation rates. Additional
theoretical analysis and computations are needed to shed light
on the interactions involved. Such calculations will also pro-
vide insight into the differences found for 13C16O and 12C18O
here and in 12C16O in E12. The first efforts in this direction
(Lefèbvre-Brion & Eidlesberg 2012; Heays et al., in prep.) show
that continued investigations of CO Rydberg states have much
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Fig. 35. Cross section comparison of the 4p(2) and 5p(0) spectra for 12C16O (upper, E12) and 13C16O (lower), at the same wavelength scale. The
possible origin of the perturbations observed in 13C16O is clearly visible. Experimental spectra are drawn in black, and fits are in color.

to offer even in a well-studied molecule like CO. With the previ-
ous publication (E12), our present results provide the most thor-
ough sets of data on these bands for modeling CO isotopologue
photochemistry.
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