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ABSTRACT

We carried out experiments at the SOLEIL synchrotron facility to acquire data for modelling CO photochemistry in the vacuum ul-
traviolet. We report oscillator strengths and predissociation rates for four vibrational bands associated with transitions from the v = 0
level of the X'Z* ground state to the v = 03 vibrational levels of the core excited W'IT Rydberg state, and for three overlapping bands
associated with the 4pr, Spr, and 5po- Rydberg states between 92.9 and 93.4 nm in '3C'30. These results complete those obtained
in the same conditions for 12C'%0, 13C'°0Q, and '>C'80 recently published by us, and extend the development of a comprehensive
database of line positions, oscillator strengths, and linewidths of photodissociating transitions for CO isotopologues. Absorption
spectra were recorded using the Vacuum UltraViolet Fourier Transform Spectrometer (VUV-FTS) installed on the Dichroisme Et
Spectroscopie par Interaction avec le Rayonnement Synchrotron (DESIRS) beamline at SOLEIL. The resolving power of the mea-
surements, R = 300 000 to 400 000, allows the analysis of individual line strengths and widths within the bands. Gas column densities
in the differentially pumped system were calibrated using the B-X (0-0) band at 115.1 nm in *C'®0.

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

1. Introduction

Accurate values of molecular transition probabilities are needed
for applications such as column density determinations in as-
trophysics, modelling of molecular photochemical processes,
photofragment population determinations, lifetime calculations,
and for assessing the validity of ab initio calculations. This work
is part of a larger effort to catalogue, interpret, and model the
photoabsorption and the photodissociation spectrum of CO. In
the presence of a strong ultraviolet field, the primary destruc-
tion mechanism for interstellar and circumstellar CO and its iso-
topologues is photodissociation, which is entirely governed by
discrete line absorption into predissociating levels in the wave-
length range from 111.6 nm (first dissociation limit of CO) to
91.2 nm (ionization limit of atomic hydrogen). Because the pho-
todissociation of CO is a line process, it is subjected to self
shielding, which is an isotope selective effect, where the less
abundant isotopologues of CO are self shielded to a lesser degree
than '2C'®0 and thus have the highest photodissociation rates at

Article published by EDP Sciences

most depths in a cloud. Accurate modelling requires basic quan-
titative spectroscopic data for >C'®O and other isotopologues
at wavelengths below the dissociation limit. The data reported
here are essential to accurate modelling of CO in far ultraviolet
(FUV)-active astrochemical environments.

At wavelengths longward of 100 nm, transitions to low v vi-
brational levels of the first Rydberg states in the series converg-
ing to the CO* X?X* state are preponderant, namely the B'X*
state (with a 3so- Rydberg electron) and C'E* (3po), and E'II
(3prn) states. These have been recently studied in detail (Stark
et al. 2014). Shortward of 100 nm the spectrum becomes pro-
gressively more congested and complex as additional excited
states are accessed. The strongest transitions involve higher Ryd-
berg states converging to the CO* ground state and the CO* A*TT
excited state. Line strengths and linewidths are strongly affected
by isotopic substitution (Lefebvre-Brion & Majumder 2015; and
Eidelsberg et al. 2016).

Recent work by our group has extended earlier studies
and provided comprehensive sets of data concerning absorption
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and photodissociation cross sections and the spectroscopy of
Rydberg states, as well the valence A'II state of CO and iso-
topologues (Eidelsberg et al. 2012, 2014; Gavilan et al. 2013;
Stark et al. 2014; Heays et al. 2014; and Lemaire et al. 2015).
Overviews and discussion of the spectroscopy in the 91.2—
111.8 nm region for CO and both isotopic species '3C'°0 and
12C180 have been previously reported (Eidelsberg et al. 2012,
2014).

The present study provides high resolution measurements
of oscillator strengths (f-values) and upper level predissociation
rates for transitions: (a) to the four lowest vibrational levels of
the 3so-'TT (W) state (built on the CO* A2II core); and (b) to the
v = 2 levels of the 4pmr and 4po states and the v = 0 levels of
the Sprr and Spo states (built on the CO* X'E* core). This work
completes our recent work on 12cleg 13C16Q, and 12C180 spec-
tra for the same transitions obtained in the same experimental
conditions.

For the Rydberg transitions we are following the notations of
Eidelsberg et al. (1992). The 4prn electronic state has sometimes
been labelled L, in particular the v’ = 0 and 1 levels in Eidelsberg
et al. (1992).

2. Experimental setup

Absorption spectra of the molecular isotopic species '*C'30
were recorded in the 91-116 nm range using the VUV-FTS that
is installed as a permanent end station on the DESIRS beamline
at the SOLEIL synchrotron facility. An extended description of
its specific use for CO measurements was presented in Eidels-
berg et al. (2012). The characteristics of the DESIRS beamline
and the spectrometer were described elsewhere (de Oliveira et al.
2009, 2011; Nahon et al. 2013).

The beamline undulator provides a coherent continuum
background with a Gaussian-like profile of 7 nm typical band-
width at 100 nm. Two overlapping spectral windows were em-
ployed in the present measurements to cover the analyzed wave-
length range of 91-98 nm. A third window centred on the B-X
(0-0) band at 112 nm was systematically used for column den-
sity calibration.

High purity '3C'80 gas (Cambridge isotopes, 1*C: 99%, 180:
95%) continuously flowed through a 10 cm long and 1.2 cm
diameter windowless absorption cell. Spectra were recorded at
multiple column densities between 8 and 200 x 10'* cm™2 in
order to observe both strong and weak lines. To avoid optical
depth effects for the strongest bands, only measurements corre-
sponding to an optical depth less than 1.5 (absorption depths less
than 78%) were used in the fitting procedure. Most spectra were
recorded at room temperature (295 K) but several were obtained
with a windowless cell cooled by liquid nitrogen to a temperature
of 90 = 5 K. In a few cases, a supersonic pulsed jet spectrum at
15 K previously obtained at lower resolution (Rostas et al. 1994)
was used in order to disentangle the regions where the lines are
congested in the band heads or overlapped at high J values in
room temperature spectra.

Owing to the strict linearity in the wavenumber scale, the
spectra can be put on an absolute scale using a single reference
line. The presence of an Ar I line with reference wavelength
89.4414 nm from the NIST (National Institute of Standards and
Technology) Atomic Database (Salomon 2004) is used to im-
prove the accuracy of the wavelength calibration by setting all
the scans on the same wavelength scale. While the maximum
resolution of the VUV-FTS is 0.08 cm™', signal-to-noise (S/N)
and measurement duration considerations dictated a resolution
of 0.32 cm™! for most scans.

A76, page 2 of 13

In summary the VUV-FTS provides a typical measured re-
solving power of 350,000 in the 90 to 125 nm range. Over
the course of about one hour of data collection, 100 co-added
scans resulted in an S/N at the peak of the undulator bandpass
of ~60. The resulting spectral resolution results in an instru-
mental sinc function with full-width half-maximum (FWHM) of
4.0x 10~ nm at 115 nm and 2.8 x 10~ nm at 93.1 nm.

Our absolute column densities in the windowless cell were
determined for each external pressure setting by recording the
B-X (0-0) absorption band (hereafter called B0OO) for which
an accurate f-value of 0.0065 is known with 6% uncertainty
by combining the results of Stark et al. (1999) and Federman
et al. (2001) for '2C!Q. This value was adopted for *C!30
(and previously for 1*C'°0 and '>C'80). To test the possibility
of an isotopologue dependence in the B-X (0-0) f-value, Stark
et al. (2014) used the parameters of the coupled electronic states
model for the B and D’ states developed by Tchang Brillet et al.
(1992) to calculate the predicted changes in the f-value due to
a small shift in the BOO term values. Stark et al. found that the
model predicts a 1.7% difference between the lightest '>C'°0
and the heaviest '3C'80 isotopologue, significantly smaller than
our experimental uncertainties.

The f-values for each band were independently measured
from at least three spectra recorded over a range of column den-
sities and temperatures, and in all cases we found agreement
within 10%. This provides an estimate of the possible system-
atic f-value uncertainty introduced by model-dependent assump-
tions, small pressure variations during spectral acquisition, or
mechanical vibrations in the FTS which can slightly affect the
measured intensity baseline (Heays et al. 2011). The total spread
of measured f-values for each band was added in quadrature to
the uncertainty of the reference BOO f-value to infer the system-
atic uncertainty associated with our measurements. The uncer-
tainties quoted in the tables below included these systematic ef-
fects and statistical uncertainties, also taken in quadrature.

The various observed bands display a J dependence of their
linewidths and/or have different widths associated with e- and
J-parity levels of the upper state, which we often represent by a
simple polynomial in J(J + 1). While the f-values and linewidths
of some bands show a nearly unperturbed behaviour, others ex-
hibit extreme departures from the unperturbed patterns. Most
lines are at least partially blended and there is significant overlap
between P and Q branch lines.

3. Analysis method

The fitting procedure used to determine the oscillator strengths
of the '*C'®0 absorption bands has been previously described
and recently applied to the absorption spectra of '>C!°O and the
two isotopologic species *C'%0 and >C'30 under the same ex-
perimental conditions as used in the present study. Here we pro-
vide a brief summary.

In the data reduction, the transmitted intensity /(A) is related
to the measured absorption cross section o, through applica-
tion of the Beer Lambert law

Texp(A) = (1/N) In[Io(A)/1(D)]. ey

Here, e, is the absorption cross section which includes the ef-
fect of finite instrumental resolution (reducing the apparent peak
cross section of sharp lines), N is the column density, Iy(4) is the
background continuum level, and /(4) is the transmitted inten-
sity.

For each band, a simulated absorption cross section (o) is
first calculated from the position, strength, and predissociation
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linewidth of each rotational line. The model generates a summed
cross section by adopting a Voigt profile for each line composed
of a Lorentzian width and Gaussian Doppler broadening. The
predissociation widths are described by the Lorentzian FWHM,
and at room temperature the Doppler width is 0.23 cm™'. The
summed cross section is converted into a transmission spectrum
according to the Beer Lambert formula and convolved with a
sinc function to reproduce the instrumental broadening of the
spectrometer. This calculated spectrum is adjusted to best match
the experimental spectra in a non-linear least squares fitting pro-
cedure.

For some measured bands, the rotational line f-values follow
the simple pattern associated with unperturbed transitions and
a temperature-dependent Boltzmann distribution of ground state
rotational levels. For unperturbed 'S —! £ and 'IT —' £ transi-
tions, the band oscillator strength, f; is related to rotational line
strengths, f -, by:

fF=QI"+Dfrp/Spsm ()
f=2QJ" + V) fyy]Sym 3)

where S j;» is the Honl-London factor. For unperturbed bands,
the band f-values derived from application of Egs. (2) and (3)
are independent of the rotational quantum number J and a single
band f-value is used by the fitting procedure indicated above to
describe an entire absorption band. When the line f-value pattern
deviates significantly from those predicted by Honl-London fac-
tors for the R, P, and Q branches due to perturbations, the band
f-values, determined by fitting the strengths of well-resolved ro-
tation lines independently, are characterized by a marked J de-
pendence. The derived f-values are then fitted to a polynomial in
J'(J" + 1); the extrapolation to J’ = 0 is referred as a rotationless
band f-value denoted f(0), where f(x) refers to x = J'(J’ + 1).

Most of the bands display a J dependence of their natu-
ral (Lorentzian) linewidths and/or different linewidths associated
with transitions to the e- and f-parity levels of the upper state.
The J dependence of these linewidths are represented by simple
polynomial fits in J’(J’ + 1). Predissociation rates, k, must be
calculated from the measured natural (Lorentzian) linewidths I',
of the rotational transition, from the relation (Eidelsberg et al.
2006):

k(s™") = T'L(1000/2)> x 1.885 x 10",

with T, at FWHM (in mA) and where A (in A) is the wavelength
of the band origin for the transition. The predissociation rates
ke and ky calculated for e- and f-parity levels, respectively, are
represented by simple polynomial fits in J'(J’ + 1).

Iy_ly
N

4. Results
4.1. WI - X'T* bands

An irregular progression of four red degraded and partially dif-
fuse strong bands appears in the 92.5-97.4 nm range. These
bands have been previously observed at lower resolution as tran-
sitions from the v”” fundamental to the v" = 0, 1, 2, 3 vibrational
levels of the 3so- core-excited singlet 'TT Rydberg W state and
are labelled W00, W10, W20, and W30 respectively (Eidelsberg
et al. 2004). The intensities of these bands are well described by
Honl-London factors, and a single f-value is specified for each of
the four bands. The four bands display J-dependent linewidths
and/or different widths associated with the e- and f-parity lev-
els in the upper state. A new set of wavelengths for W00 as
well as for the W10 and W20 bands has been measured from
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Fig. 1. 3C'"80 W(v = 0) — X(0) band experimental absorption spectrum
(black lines) and fit (red lines). The fitting residuals are shifted by 0.08.
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Fig. 2. 3C!"®0 Q branch oscillator strength for the W(v = 0) — X(0)
band.

our SOLEIL spectra and recently published (Lefébvre-Brion &
Eidelsberg 2012). A complete listing may be obtained from the
corresponding author upon request.

4.1.1. W00

The origin of this band is slightly shifted to the red relative to
the other isotopologues we have studied, despite being a v = 0
state. Our wavelength measurements are in good agreement but
slightly more precise than the published values of Eikema et al.
(1994) obtained with a tunable source with an accuracy of 0.13—
0.3 cm™!. The P- and R-branch lines observed at higher J’ val-
ues than in the Eikema spectra exhibit distinct line broadening
accompanied by a sharp drop in intensity, whereas the Q lines
remain narrow and their intensities follow Honl-London factors
for a room temperature spectrum until high J’ values. A single
band oscillator strength is obtained by fitting the R, P, and Q
branch lines together (Fig. 1). The band oscillator strength de-
rived from fitting individual resolved Q lines was found to be
independent of J’ (Fig. 2).

The Lorentzian linewidths, I, fitted to the resolved Q-branch
lines are approximately constant or gradually increasing until
J' = 14, while the P branch linewidths show a rapid increase
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Fig. 3. 13C'80 predissociation linewidth for the W(v = 0) — X(0) band R wlt' "
(widths are shown for e- and f-parity levels).
with J’ (Fig. 3). The predissociation linewidths for e and f com-
ponents were then fitted to separate functions.
c
%
4.1.2. W10 2
<
The W10 band was studied by our team and results ob-
tained at the SOLEIL Synchrotron for five isotopologues,
12¢leg, 12¢17Q, 13C16Q, 12C18Q, and 3C80, were recently pub-
lished (Heays et al. 2014). The results obtained for the *C'30
isotopologue are completed here. ——————
The calculated absorption spectrum In(//Iy) obtained be- 95.58 95.61 95.64 95.67 95.70 95.73 95.76

tween 95.58 and 95.76 nm from the Fourier transform spectrom-
eter for column densities of 1.48 x 10'> cm™2 at room tempera-
ture is reproduced in Fig. 4a. A predissociation broadened red
degraded feature overlaps the high rotational lines of this spec-
trum which is not observed in the other CO variants. The W10
band and this feature are well separated on the jet absorption

spectrum obtained at 15 K with the ten meter spectrograph in W10 13(;18
Meudon (Rostas et al. 1994) at lower resolution (Fig. 4b). To 0.3 Quitt i
obtain an isolated spectrum of the W10 band, an unresolved red ! gml O T T T T e N

degraded feature of a band of Il — X profile is first subtracted
from the calculated spectrum In({/ly) = f(1). After several it-
erations of adjusting the profile of the I — X band, a simulated
spectrum of the W10 band is calculated to best match the ab-
sorption spectrum (Fig. 5).

As for the '2C!0, 13C1%Q, and 2C'80 isotopologues, the
W10 band is broadened and has blended rotational lines. Thus,
few oscillator strengths and widths could be fitted independently.
The Lorentzian predissociation linewidth is found to be parity in-
dependent (Fig. 6) in good agreement with the natural linewidths
of Fig. 6 in Heays et al. (2014). These widths show a sudden
decrease between J = 7 and §; a similar phenomenon for the
12C16Q isotopologue was quantitively modelled by Lefebvre-
Brion & Kalemos (2016) as the result of a multistate interaction
of bound and dissociative states.

4.1.3. W20

The rotational line strengths of the W20 band are well charac-
terized by Honl-London factors. Local perturbations observed in
13C160 and '2C'80 were not detected. A fit of this band is repro-
duced in Fig. 7. The predissociation effects are found to be parity
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Wavelength (nm)

Fig. 4. a) (upper) *C'80 W(v = 1) — X(0) band experimental spectrum
(black lines) and profile of the unknown IT — X band (in red). b) (lower)
13C180 absorption spectrum at low temperature (Rostas et al. 1994).

o

o |n(|0/|)

0.0

v T v T v T v T v T v
95.58 95.61 95.64 95.67 95.70 95.73 95.76

Fig. 5. 3C'30 W(v = 1) — X(0) band experimental absorption spectrum
(black lines), and fit (red lines) and unknown band profile (blue). The
fitting residuals are shifted by 0.04.

independent and the linewidth I', of the R, P, and Q lines follows
a similar trend and must be fitted by a polynomial curve repro-
ducing a rapid increase in the predissociation linewidths from
J' =17 (Fig. 8).
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Fig. 6. *C'80 predissociation linewidth for the W(v = 1) — X(0) band.
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Fig. 7. 3C"®0 W(v = 2) — X(0) band experimental absorption spectrum
(black lines) and fit (red lines). The fitting residuals are shifted by 0.05.
Blue stars show N, impurity lines at 94.2595, 94.2663, and 94.2837 nm.

4.1.4. W30

The band head of the W30 R branch is heavily blended and only
a few R lines with high J’ values were identified, mixed in with
low-J’ Q lines. The P and Q lines are partially blended but easily
identified until J’ = 14 (Fig. 9). Some of them are resolved and
were analyzed independently. The predissociation rates were de-
termined by fitting the entire band with a J-independent band
oscillator strength and a set of predissociation linewidths with
assumed separate J dependence for e- and f-parity levels. The
linear J dependence of predissociation linewidths assumed dur-
ing the fitting process is shown in Fig. 10.

4.1.5. Summary

The deduced f-values for four W-X bands are reported in
Table 1, along with results from previous measurements obtained
at lower resolution (Eidelsberg et al. 1991; Eidelsberg et al.
2006). The published results for the four bands by Eidelsberg
et al. (1991) were obtained by isotopic extrapolation. Improve-
ment by a factor of ten in spectral resolution over data obtained
previously at SuperACO (Eidelsberg et al. 2006) allowed us to
measure linewidths with higher accuracy. Our f-value results for
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o

Fig. 8. 3C'80 predissociation linewidth for the W(v = 2) — X(0) band.
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Fig. 9. 3C'30 W(v = 3) — X(0) band experimental absorption spectrum
(black lines) and fit (red lines). The fitting residuals are shifted by 0.06.
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Fig. 10. '*C'30 predissociation linewidth for the W(v = 3) — X(0) band.

the W bands are generally lower than these earlier values, but
are within the 10~ mutual uncertainties except for the W00 band,
where agreement is at the 20 level. In light of this correspon-
dence, we provide weighted averages for the W00, W20, and
W30 in the last column of Table 1. The W10 band mixed with
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Table 1. f-values (x10~%) for W band and the unknown band overlapping W10.

Band Ao(nm)  Present E06 E91 WA*
W00 97.329 11.6(0.8) 13.8(2.0) 13.2(1.3) 12.2(0.6)
}VlO 95.604  7.0(0.7) 16.0(1.6)

I1-X@, 0) 5.7(0.8)
W20 94.24 22.9(1.8) 28.5(2.0) 27.9(2.8) 25.9(1.2)
W30 92.86 13.8(1.1) 15.4(22.4) 18.6(1.9) 15.0(0.9)

Notes. Comparison with previous results: E91 (Eidelsberg et al. 1991), E06 (Eidelsberg et al. 2006). ® Weighted average.

Table 2. Predissociation rates for W bands in units of 10'! s™!, with X = J'(J' + 1).

Band Ref k. ks
W00  Present 0.320(0.026)+0.0036(0.0008)X 0.266(0.021)+0.0013(0.0003)X
E06 0.11¢0.01)+0.01(0.01)X
Eikema <0.3forJ <15
WI10 Present 8.60(0.37)J ' =0toJ’ <8
4.13(0.19)-0.130(0.017HX J' > 8
W20  Present 0.733(0.053)+0.0074(0.0023)X + 9.0(2.0) x 1075X?
E06 0.42(0.06)+0.038(0.017)X 0.42(0.06)+0.021(0.010)X
W30 Present 3.43(0.26)+0.173(0.021)X 3.41(0.34)
E06 4.4

Notes. Rates are given for e- and f-parity levels. Comparison with previous results: E06 (Eidelsberg et al. 2006) and Eikema et al. (1994).

the new 'TT — X'* band was not resolved on the SuperACO
spectra, but the sum of the f-values is more or less consistent
with our previous measurements (Eidelsberg et al. 1991).

Table 2 provides a comparison between our predissociation
rates (k. and ky) and those of Eikema et al. (1994) and Eidels-
berg et al. (2006). The former are based on laser measurements.
The results are in rough agreement, within a factor of two of
those quoted by Eidelsberg et al. (2006) and less than or approx-
imately equal to the upper limits found by Eikema et al. (1994).
The lower spectral resolution in our earlier measurements is the
likely cause for the factor of two differences in the narrower
lines.

4.2. 4p and 5p complexes

The absorption spectrum between 93.2 and 93.4 nm is more
congested (as shown in Fig. 19) in this isotopologue than those
we have previously studied. The three bands 4ps'II — X'Z+(2-
0), Spr'Tl — X'£*(0-0), and 5po'Et — X'Z*(0-0) are well re-
solved in 13C'°0 and '>C'80, but overlapped at room tempera-
ture for *C'*0 (Fig. 11a). The identification of rotational lines
was facilitated by recording a high resolution spectrum taken at
high pressure while cooling with liquid N, to 90 K (Fig. 11b)
and a very cold spectrum obtained at 15 K at lower resolu-
tion with a pulsed supersonic free jet (Fig. 11c) (Rostas et al.
1994). This allows us to disentangle the spectrum and identify
the three strongest bands (labelled in Fig. 11b). A weak band
with optically thin lines appears at high pressure within the P
branch of the 5po'Et — X'Z+(0-0) band and we attribute this
to the 4po'=* — X'£*(2-0) band which is expected to accom-
pany the 4pz' IT absorption. There is some additional continuum-
like absorption occurring in the spectrum which is not neces-
sarily attributable to the 4p5p complex of bands. This is indi-
cated in Fig. 11a by the cross section component marked “I.”.
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A synthetic spectrum showing detailed assignments for the four
bands associated with the two Rydberg complexes 4p and 5p
is presented in Fig. 12 where the extra absorption /; shown in
Fig. 11a has been subtracted.

4.2.1. 4p(2) complex

4211 4pr'll-X'T* (2-0)

The spectrum of the 4pr'Il — X'E* (2-0) band is well re-
solved and the R, P, and Q lines are best identifiable in the
cold spectrum obtained at 90 K (Fig. 11b). The few R lines of
the 5pr'TT — X'Z+(0-0) band which appear within the P branch
are sharp and easily identifiable. Simulated spectra calculated
at room temperature were initially made using Honl-London
strength factors for a pure 'TT —! ¥ transition. The fit was ap-
plied to the part of the spectrum where there was no overlap
with other bands, until J = 8 for Q lines and J = 10 for P lines
(Fig. 13). Predissociation linewidths of the f component were
measured until J/ = 13. Only a few R and P linewidths could be
measured for the e component (Fig. 14). The predissociation rate
was found to be parity dependent and shows a linear dependence
with J'(J" + 1).

4212 4polst - X'z* (2-0)

A series of regular, narrow lines appears within the P branch
of the Spo'E* — X!Z*(0-0) band in the 90 K spectrum at high
pressure (Fig. 11b), and can be attributed to the P branch of the
4po'T*t — X'E*(2-0) band of the 4p(2) complex. These lines
are very weak in the room temperature spectrum. The P branch
is well observed until J* = 12 in the very high pressure cold
spectrum at 90 K. The R(0) line at 93.306 nm is clearly identified
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Fig. 11. a) Absorption spectrum at room temperature in the 93.20-93.35 nm range (profile of an unknown band in red) (upper). b) Absorption
spectrum at 90 K in the 93.20-93.35 nm range (centre). ¢) Low resolution absorption spectrum at 15 K in the same range (Rostas et al. 1994)

(lower).

in the spectrum at 15 K (Fig. 11c). Only a few R lines can be
observed in the blended region of the P branch of the 5pr'Il —
X!3*(0-0) band.

Line wavelengths for this new band are reported in Table 3.
The band was fitted using line strengths that follow a Honl-
London distribution for a 'S* —! * transition following

comparison of the simulated spectrum and the measured absorp-
tion spectrum. The f-value is found to be very small, <2 x 107>,

4.2.2. 5p(0) complex

The 5pa'Il — X'£*(0-0) and Spo'E* — X'Z*(0-0) bands are
clearly identified in the cold 15 K spectrum at low resolution
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Fig. 13. 3C'30 4pn'TI(v = 2) — X(0) band experimental absorption
spectrum (black lines) and fit (red lines). The fitting residuals are shifted
by 0.04.

(Fig. 11c). There is significant overlap between the P branch of
5pr'Tl — X!'X*(0-0) and the R branch of 5po'T* — X!'Z+(0-0)
at room temperature as well as at 90 K (Figs. 11a and b). The R
branch lines of 5prr!TT — X! Z*(0-0), are partially mixed with the
P and Q branches of 4pr'II — X'X+0-0) but they are sharp and
easily identified.

4.2.2.1 5pr'Tl - X'T* (0-0)

Rotational R lines are clearly seen in the 90 K spectrum and
measured until J* = 5. Only a few P lines could be distinguished
within the R branch of the 5po! =+ —X'2*(0-0) band in the 295 K
spectrum. Most rotational Q lines are not resolved and only a few
lines are assigned (Fig. 12).

At first, the entire Spzr' I — X' £*(0-0) band was simulated by
assuming unperturbed Honl-London factors. Line f-values thus
calculated deviate significantly from those predicted by Honl-
London factors for a 'TT-' X transition. The most striking feature
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Table 3. Wavelengths (0.0001 nm uncertainty) of observed lines for

M. Eidelsberg et al.: High-resolution study of '3C'#O (W-X bands and Rydberg complexes)

4po'Tt — X'Z*(2-0) (nm).

P(1) 93.3122
P(2) 933157 R(0) 93.3064
P(3) 933115
P(4) 933185
P(5)  93.3248
P(6)  93.3280
P(7)  93.3312
P(8)  93.3345
P(9)  93.3378
P(10) 93.3412
P(11) 93.3446
P(12) 93.3488

Table 4. Rotationless f-values for bands in the 4p5p region (x107%).

Band A (nm) Present*  E91
upper level

4pn(2) 93.217 9.6(0.9)  6.2(0.6)
4po(2) 93.311 <2

S5pr(0) 93.267 13.9(1.1)

Spo(0) 93.304 16.2(1.4) 16.8(1.7)
Extra- Between 9.2 (1.0)

absorption  93.245-93.315

Notes. Comparison with previous results: E91 (Eidelsberg et al. 1991).
) The present measurements are judged more reliable than those of
EO91 due to the possibility of misassignment of absorption in the earlier
lower-resolution work. Then, no weighted average is provided.

0.020 5 18
0.015 8
n
n
5ps's’ - X'=*(0-0)

©0.010
=]
[
3
Y-
he)
c
@ P branch

0.005

0.000 : . : . : . : .

0 20 40 60 80

J+1)

Fig. 16. '3C"80 oscillator strength for the Spa'Z(v = 0) — X(0).

is the rapidly increasing strength of the P branch lines with in-
creasing rotational quantum number and the relative weakness
of the R branch lines at low J’ values; the strength of the Q lines
remains unperturbed. Consequently, a fitting procedure assum-
ing a single f-value for the band was not ultimately used. An
individual fit was calculated for each rotationally-resolved P, R,
and Q branch line, providing information on the J dependence
of the band oscillator strength (Fig. 15). The measured oscil-
lator strengths and the band f-values derived from lines within
the P, R, and Q branches converge to a common rotationless
f-value of 13.9 x 1072, as shown in Fig. 15. This is consistent
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Fig. 17. 3C"80 predissociation linewidth for the Spo'Z(v = 0) — X(0).

with rotational /-uncoupling mixing the 5pz'IT and 5po'=* Ry-
dberg levels for J > 0 and leading to mutual interference ef-
fects in their line strengths (Lefebvre-Brion & Field 2004). A fit
of the entire band with adjusted line intensities and widths, as
determined by the fit of individual R and Q branch linewidths,
is reported in Fig. 12. The linewidths measured for five R lines
and three P lines are found to be slightly J dependent and the
calculated linewidths for the e component are represented by a
linearly-increasing function of J'(J’ + 1). The linewidth has been
measured only for one Q line at J* = 8. The modelled spectrum
represented in Fig. 18 has been obtained using the same calcu-
lated linewidths for e and f components.

4.2.2.2 5po!st — X!+ (0-0)

The same procedure used to determine oscillator strengths for
5pr'Tl — X!'Z*(0-0) was applied to the Spo'Z* — X'X*(0-0)
band. The P branch of the Spo' £+ — X'Z+(0-0) band is well de-
veloped until J* = 12 and the f-values for nine P lines were fit-
ted to a linearly decreasing function of J'(J’ + 1) (Fig. 16). The R
branch lines are stronger than predicted by Honl-London factors
for a ' —! X transition, due to their intensity interference with
5pr' Tl — X'£*(0-0). The predissociation linewidths reported in
Fig. 17 are small and approximately constant for J° < 8, and
then increase gradually.

4.2.3. Extra continuum absorption

The origin of the continuum-like component, ., of the observed
cross section is not completely clear but some observations may
be made. The extra absorption only appears in the room temper-
ature spectrum, and is not evident at 90 or 15 K, suggesting that
transitions from high-J’ rotational levels are responsible.

It is then possible that the absorption between 93.27 and
93.31 nm may be attributable to P- and Q-branch lines of
5pr'Tl — X!'Z*(0-0), and perhaps R-branch lines of 4po!Zt —
X'Z*(2-0). The strength of the extra absorption is broadly con-
sistent with this hypothesis and its lack of rotational structure
could be attributable to a continuing increase of predissociation
widths above the assigned Spr'II — X'Z*(0-0) transitions lead-
ing to a pseudo-continuum of overlapped broadened lines.
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Table 5. Predissociation rates for bands in the 4p5p region (in units of 10" s™1), with X = J'(J’ + 1).
Band upper level ~ Ref. ke ky
4p7r' 11 (2) Present  0.90(0.11)+0.041(0.005)X 1.00(0.11)+0.024(0.003)X
E91 1.0
5pr'II (0) Present  0.54(0.11)+0.0011(0.0011)X 0.54(0.11)at J =8
5p0_12+ ) Present J’ < 8:0.226(0.024); J' > 7: -0.978(0.098)+0.018(0.003)X
E91 0.1

Notes. Rates are given for e- and f-parity levels. Comparison with previous results: E91 (Eidelsberg et al. 1991).

Table 6. Comparison of SOLEIL f-values (x1073) summed over each W-X band in various isotopologues with previous values E12 (Eidelsberg

etal. 2012), E14 (Eidelsberg et al. 2014).

Band Present E12 El4 El4

Upper level ]3cl80 ]2cl6o ]3cl6o 12cl80
W) 11.6(0.8) 14.3(1.1) 12.67(0.82) 13.94(0.86)
Ww(1) 7.0(0.7)

TI(') 5.7(0.8)

W+Iw) 127 17.5(1.3)  14.78(0.94) 13.37(0.83)
W(Q2) 22.9(1.8) 28.9(2.1) 27.14(1.72) 26.40(1.63)
W(3) 13.8(1.1)  19.2(1.4) 15.92(1.02) 18.10(1.12)

It does not appear feasible that the extra absorption between
about 93.26 and 93.30 nm could arise from members of the 4p5p
complex. However, a very similar feature appears in spectra of
13C1%0 and '?C"80 (Eidelsberg et al. 2014) centred at 93.25 nm,
and a clearly resolved 'TI-'Z* band was observed near 93.15 nm
in 2C'°0 (Eidelsberg et al. 2012). We intend to investigate these
features further with a multi-isotopologue analysis.

4.2 4. Final results

Measured and simulated spectra of five bands observed be-
tween 93.2 and 93.35 nm are shown in Fig. 12. Modelled and
experimental spectra are compared in Fig. 18. All deduced f-
values and predissociation rates are listed in Tables 4 and 5,
including results for the extra absorption /. in the 93.26 and
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93.30 nm range. Comparisons are made with previous results
(Eidelsberg et al. 1991) obtained at low resolution (R = 30 000).
The few corresponding measurements show good agreement.

5. Concluding remarks

Spectra showing absorption into the W'II (v = 0-3) levels and
4p(v = 2) and 5p(v = 0) Rydberg series converging to the CO*
ground state, X'Z*, are shown in Fig. 19 for the isotopic species
12¢160, 3¢90, and 3C'30 ('2C'80 is omitted as it is very sim-
ilar to 13C'%0). All these spectra were obtained under the same
experimental conditions. Tables 6 and 7 show our complete set of
measured f-values for the observed absorption bands for '*C'80
(this work), '2C'°0O (Eidelsberg et al. 2012), and 13C160 and
12C180 (Eidelsberg et al. 2014). Related details for the W10 band
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Fig. 19. Cross section comparison of the 4p(2) and 5p(0) experimental spectra for '>C!°O (top, E12), '*C'°0 (middle, E14), and 3 C'®0O (bottom,
this work), at the same wavelength scale.

Table 7. Comparison of SOLEIL rotationless f-values (x10~>) summed over each band in the 4p5p region in various isotopologues with previous

values, E12(Eidelsberg et al. 2012), E14 (Eidelsberg et al. 2014).

Band Present E12 El4 El4

ijper level 13cl80 12cl60 ]3cl60 12cl80
4pr(2) 9.6(0.9) 8.01(0.56) 6.19(0.44) 6.81(0.48)
' ¥ 5.96(0.52) 2.1(0.2) 2.8(0.3)
4po(2) <0.02 0.99(0.11) 1.0(0.2)

5pr(0) 13.9(1.1)  9.30(0.88) 13.55(1.03) 15.99(1.26)
S5po(0) 16.2(1.4) 14.6(1.0) 13.68(0.96) 15.63(1.21)
' 4.67(0.84) 11.000.9)  15.55(1.24)
Extra absorption™  9.2(1.0) 14.5(1.3)

4pSp sum 48.94.4) 58.0(52) 47.6(3.5) 56.8(4.5)

Notes. ) Not observed in *C'80. **) The extra absorption f-value is not rotationless but instead calculated as a pseudo-band f-value from the

integrated cross section at room temperature.

in all isotopologues can be found in Heays et al. (2014). This
suite of measurements represents the most complete database
available for these transitions. The same applies to the measured
predissociation rates. Our larger set of measurements provides
J-dependent rates (Table 8 and 9).

Our measurements are especially useful for chemical mod-
els that incorporate details of CO photodissociation. Oscillator

strengths and predissociation rates are now available to exam-
ine selective isotope photodissociation with greater precision.
We note that the significant linewidths for most of the W10
band minimize the importance of these transitions to selective
self-shielding, where the most abundant forms of CO are pro-
tected from dissociation, because optical depths at their line
centres cannot reach large values. In general, self-shielding in
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Table 8. Comparison of SOLEIL predissociation rates for W bands in various isotopologues (in units of 10" s™!), with X = J'(J’ + 1).

Band Predissociation rates (10'' s71)

Isotopologue  e-parity [f-parity

W00
2¢1604  (.09(0.02)+0.019(0.001)X 0.10(0.01)+0.0016(0.0001)X
Bclopr  0.220(0.060)+0.011(0.001)X 0.187(0.009)+0.002(0.001) X
2¢1802  0.226(0.021)+0.0147(0.0004)X  0.228(0.009)+0.00130(0.00007)X
BCIBO  0.320(0.026)+0.0036(0.0008)X  0.266(0.021)+0.0013 (0.0003)X

W10
2¢l6Qe  J > 6: 1.87(0.53)+ 3.3(0.017)X
Belegb  J7 < 8:2.92(0.15)+0.102(0.006)X; J' > 7: -4.77(0.24)+0.081(0.009)X
2C180r  J < 8:1.87(0.53)40.141(0.0)X; J' > 7: —=5.96(0.60)+0.094(0.004)X
BCBO < 8:8.60(0.40); J' > 7: 4.13(0.19)—0.130(0.017)X

W20
12¢leQe  1.12(0.05)+0.010(0.001)X 0.75(0.04)+0.0060(0.0002)X
Bl 0.472(0.043)+0.0067(0.0011)X+[9.4(0.6)]1075 X2
2C180P  0.644 (0.004)+0.00170(0.0009)+[5.27(0.35)]1075 X2
BC8O  0.733(0.053)+0.0074(0.0023)X +9.0(2.0)X1077 X2

W30
12¢leQe  2.07(0.10)+0.046(0.002)X 1.80(0.09)+0.048(0.002)X
3CloQb  1.998(0.064)+0.1500(0.0028)X  1.680(0.021)+0.0124(0.0004)X
2C180P  1.70(0.06)+0.164(0.004)X 1.41(0.02)+0.0145(0.0002)X
BCBO  3.43(0.26)+0.173(0.021)X 3.41(0.34)

Notes. Previous values a: Eidelsberg (2012); b: Eidelsberg (2014).

Table 9. Comparison of SOLEIL predissociation rates for bands in the 4p5p region in various isotopologues (in units of 10'' s™!), with X =

J'(J+1).
Band upper level Predissociation rates (10" s71)
Isotopologue  e-parity f-parity

4pr 'TI2)
12C160e  0.80(0.03)+ 0.010(0.001)X 0.79(0.03)+ 0.009(0.001)X
B0 0.771(0.011)+0.0290(0.0047)X 0.763(0.008)+0.0160(0.0008)X
2C80P  0.910(0.045)+0.0294(0.0019)X 0.856(0.034)+0.0177(0.0008)X
BCBO 0.90(0.11)+0.041(0.005)X 1.00(0.11)+0.024(0.003)X

5pn 'TI(0)
RCI6OT  3.52(0.13) 3.52(0.13)
BCIOP 7 < 8: 0.603(0.015)+0.0049(0.0002)X; J > 7: 0.262(0.160)+0.0083(0.001 )X 0.550(0.028)+0.0056(0.0004)X
2CB80P ' < 8:0.482(0.034)+0.0043(0.0013)X; J’ > 7: 0.041(0.013)+0.0109(0.0011)X  0.471(0.028)+0.0038(0.0002)X
BCo 0.54(0.11)+0.0011(0.0011)X 0.54(0.11)

Spor 'T(0)
2C160  J7 =0: 0.87(0.22); J' = 1-11: 2.4(0.4)+0.022(0.004)X; J’ > 11: 2.4(0.4)
BC8QP  J < 6:0.147(0.017)+0.0402(0.0026)X; J' > 5: 2.05(0.09)+0.023(0012)X
2CBOP  J < 6:0.200(0.021)+0.0458(0.0013)X; J' > 5: 0.748(0.026)+0.026(0007)X
BCBO  J < 8:0.226(0.024); J' > 7: —0.978(0.098)+0.018(0.003)X

Notes. Previous values a: Eidelsberg (2012); b: Eidelsberg (2014).

the rare isotopologues of CO is not important due to their low
column abundance. The consistency among results for the four
isotopologues and the fact that the sum of oscillator strengths
for the set of overlapping bands in the 92.5-93.5 nm region is
isotopologue-independent give us confidence in our results.
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