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Direct branching ratio measurements of the three lowest dissociation channels of 12C16O that pro-
duce C(3P) + O(3P), C(1D) + O(3P), and C(3P) + O(1D) are reported in the vacuum ultraviolet
region from 108 000 cm−1 (92.59 nm) to 110 500 cm−1 (90.50 nm) using the time-slice velocity-
map ion imaging and nonlinear resonant four-wave mixing techniques. Rotationally, resolved carbon
ion yield spectra for both 1�+ and 1� bands of CO in this region have been obtained. Our mea-
surements using this technique show that the branching ratio in this energy region, especially the
relative percentages of the two spin-forbidden channels, is strongly dependent on the particular elec-
tronic and vibrational energy levels of CO that are excited. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4734018]

I. INTRODUCTION

Carbon monoxide is the second most abundant known
molecule after H2 in the interstellar medium.1, 2 Because of
its chemical stability and many readily detectable physical
properties, CO has served as one of the most important tracer-
molecules in astronomy and astrophysics.3–5 To chemists and
physicists, CO and its isoelectronic molecule N2 are impor-
tant because they supply benchmark information about the
photodissociation dynamics of small molecules. A compari-
son between the two isoelectronic molecules N2 and CO made
by Huber6 pointed out that the interactions between differ-
ent electronic states of CO, especially the �-� type, are still
largely unknown compared with N2 because the absence of
g/u symmetry adds a great deal of complexity. A more recent
comparison between these two diatomic molecules, which fo-
cuses on their potential energy surfaces (PES) and predis-
sociation mechanisms was reported by Lefebvre-Brion and
Lewis.7 They pointed out again that more experimental and
theoretical efforts are needed for CO. Recent experimental
and theoretical works are only beginning to shed light on the
predissociation mechanisms and the PES of CO in the vicinity
of 100 000 cm−1.

Wolk and Rich8 identified the D′1�+ state that leads to
C(3P) + O(3P) at infinity. Its adiabatic potential curve was cal-
culated by Cooper and Kirby9 and more recently by Vazquez
et al.10 The D′1�+ state plays an important role in the pre-
dissociation mechanism of CO through homogeneous 1�+-
1�+ or heterogeneous 1�-1� interactions with the optically
excited Rydberg states of CO.11–18 The Rydberg-valence in-
teraction between the B1�+ and D′1�+ states was modeled

a)Authors to whom correspondence should be addressed. Electronic mail:
cyng@chem.ucdavis.edu and wmjackson@ucdavis.edu.

to explain the predissociation of the B1�+ state.19–22 The next
valence 1�+ state, which is the C′1�+ state and correlates to
the C(1D) + O(1D) limit was also predicted theoretically9 and
then observed by Huber and co-workers.18

Although there have been many theoretical and experi-
mental studies of the importance of predissociation from the
1�+ valence states, the corresponding understanding of pre-
dissociation mechanisms through singlet or triplet states with
� symmetry are still unknown. Some of the low-lying Ry-
dberg states with � symmetry, which adiabatically transfer
to other valence type states at large nuclear distance have
been calculated by Cooper and Kirby.9, 23, 24 They have not
yet been identified in any experiments, although many of the
experimental measurements11, 12, 14–18, 25 implied the existence
of repulsive valence states with 1� or 3� symmetry. This
was based upon the observation that the predissociation of
many Rydberg states with � symmetry do not show any J
dependence.11, 25 An even stronger evidence for repulsive va-
lence states with � symmetry is that the f parity levels show
evidence for global predissociation.11, 16 These observations
cannot be explained by the heterogeneous interaction with the
D′1�+ state, so there must be a homogeneous interaction with
the 1�-1� or 1�-3� type. The first valence type 3� state des-
ignated as k3� was identified by Baker et al.,26 where the k3�

state was employed to explain the accidental predissociation
in their REMPI spectrum of the E1� state. The k3� state was
then reanalyzed and the vibrational levels were reassigned by
Berden et al.27 The k3� state, which predissociates by an
unidentified repulsive 3� states, is found to be responsible for
accidental predissociation of many CO states in the energy
region below 100 000 cm−1. Baker and co-workers studied
the interactions between the k3� state and E1�,26 B1�+,28

and c3� (Ref. 29) states. Ubachs and co-workers performed
detailed investigations on the predissociation mechanism of
the E1� state,30, 31 and its interaction with the k3� state is
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found to be the main reason for the accidental perturbation
in the spectra of the E1� state. In the latter studies,31 they
also found that both the E1� and k3� states undergo overall
J-independent predissociation, which should be caused by re-
pulsive 1� or 3� states via homogeneous �-� interactions.
Most of the above discussion about the predissociation of CO
focuses on the excited states that correlate to two ground state
atoms. There is very little information about the potential en-
ergy curves of repulsive states correlating to the atomic prod-
ucts that are spin-forbidden like C(1D) + O(3P) and C(3P)
+ O(1D). Yet these are important because the reactiv-
ity of carbon and oxygen atoms in these metastable sin-
glet states will be distinctly different than those in the
triplet state. This will ultimately control the chemistry in
the gas phase and on the grain surfaces in the interstellar
medium.

Hill et al.32 reported preliminary calculations for the po-
tential curves for the 3� states going to the dissociation limit
of C(1D) + O(3P). The first direct observation of the predis-
sociation of CO into the triplet channel C(1D) + O(3P) was
reported by Okazaki et al.33 by observing the photofragment
spectra detecting both C(3P and 1D) and O(3P) atom frag-
ments. Later the predissociation of CO into the triplet chan-
nel C(1D) + O(3P) through a two photon excitation of a 3�

Rydberg state of CO was reported by Bakker and Parker34

by using the combination of a tunable ArF excimer laser
and velocity-map ion imaging setup. The kinetic energy re-
lease and the angular distribution of the photofragment for
the channel C(1D) + O(3P) were obtained. A predissocia-
tion mechanism involving repulsive 3� states was proposed.
A more detailed study by Okazaki et al.16 showed that the
two channels C(3P) + O(3P) and C(1D) + O(3P) are com-
petitive with comparable rates. Useful information about the
branching ratio between the two channels was obtained by
comparing the three C(3P), C(1D), and O(3P) ion yield spectra
to the simulated absorption spectra. However, they could not
distinguish directly the C(3P) + O(3P) channel from the C(3P)
+ O(1D) channel since they did not observe O(1D). This prod-
uct has never been experimentally observed and the branch-
ing ratios for the three lowest dissociation channels are still
unknown.

We recently reported on a preliminary study of the di-
rect vacuum ultraviolet (VUV) photodissociation of CO to
determine the branching ratio for spin allowed and forbid-
den channels.35 These branching ratios are important for
both astronomers and chemists. The ratio between O(3P) and
O(1D) is important in understanding how the CO predisso-
ciation products are distributed and locked up in the molec-
ular clouds and the proto-solar nebula, which will be the
focus of a separate article.36 To chemists, knowing the rel-
ative percentage into the two triplet dissociation channels
will help us understand the details of intersystem crossing
(spin-orbit coupling) and the Rydberg-valence interactions
in light molecules, where high quality theoretical calcula-
tions are possible. The experimental results should also be
very helpful in identifying the unknown repulsive singlet
and triplet � states that are responsible for the final spin
allowed and forbidden products. Finally, all theoretical cal-
culations or simulations of the predissociation rates of CO

based on the results from the line-width or the pump-probe
decay time measurements have to take into account the con-
tributions of the two triplet channels to the total predisso-
ciation rates because these measurements cannot distinguish
among the three atomic channels. The methods that have pre-
viously been applied to study the photodissociation of CO2,37

N2,38 and NO (Ref. 39) are used in the present paper to
study the predissociation of CO in the energy region from
108 000 cm−1 (92.59 nm) to 110 500 cm−1 (90.50 nm).

II. EXPERIMENT

A detailed description of the VUV source photodisso-
ciation time-slice velocity-map ion imaging apparatus has
been previously provided40, 41 and will only be briefly sum-
marized here. A pulsed molecular beam of pure CO is pro-
duced by supersonic expansion through an Evan-Lavie pulsed
valve (EL-5-2004) with a nozzle diameter of 0.2 mm oper-
ating at 50 psi and 30 Hz. Two conical skimmers collimate
the pulse beam prior to its entrance into the photodissoci-
ation/photoionization (PD/PI) region to intersect the VUV
beam in a perpendicular direction. The distance between the
nozzle and the interaction region is ∼15 cm. The nascent
photofragments and the parent molecules are photoionized by
the same VUV laser in the PD/PI region. They are all ex-
tracted and focused by the velocity-map ion optics onto a
7.5 cm diameter micro-channel plate (MCP) detector. The
electrons from this MCP detector are accelerated to a phos-
phor screen where the image is recorded with a CCD camera.
The electron signal is also coupled out of the MCP and mon-
itored with a digital oscilloscope. The molecular beam will
fly along the axis of a 72 cm field-free TOF mass spectrom-
eter before striking a MCP detector. Any metastable neutral
atoms or molecules formed in the interaction region by the
laser beams takes ∼500 μs before they arrive at MCP detec-
tor, well after the arrival of all of the ions formed in the PD/PI
region.

The tunable VUV laser radiation generation system
has also been described.42 Three VUV beam sources, i.e.,
2ω1+ω2, 2ω1-ω2, and 3ω1 are generated when the ω1 and ω2

beams are focused into the T-shaped chamber that is 27.3 cm
away from the PD/PI region. Here, the nonlinear gas Kr is in-
troduced into the T-shaped chamber through a general valve
operating at 30 Hz. There is no separation lens between the
T-shaped chamber and the PD/PI region so all the VUV, UV,
and visible laser beams will enter this region through a Teflon
aperture with a diameter of 2 mm that is ∼8 cm from the
center of the interaction region. The VUV laser source is par-
allel to the plane of the MCP detector. When collecting the
carbon ion yield spectrum, the visible laser (ω2) is scanned
from 609 nm to 720 nm with a step size of 0.01 nm and the
UV laser (ω1) is fixed at 212.556 nm. The signal from the
MCP detector goes to the input of a Stanford Research Sys-
tems (SRS) Boxcar data acquisition system that is gated so
that only C+ ions are recorded. In the time-slice velocity-
map ion-imaging mode, the sum-frequency VUV is fixed to
one of the rovibronic states of CO then a high voltage pulse
with a width of 40 ns is applied to the front MCP when the
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carbon ions arrive. The image from the CCD camera is col-
lected using a computer-based program DaVis7 supplied by
LaVision. In this experiment, the CO molecule first absorbs a
sum-frequency VUV photon (2ω1+ω2) and is excited to one
of the rovibronic states that undergo predissociation to pro-
duce carbon atoms in the 3P and 1D states. A second VUV
photon from the same source ionizes the carbon atoms in the
3P and 1D states because in this region the energies of the pho-
tons that are being used are above the ionization potentials of
both of the states of the C atom.

III. EXPERIMENTAL RESULTS

The total kinetic energy release (TKER) spectra are ob-
tained from the time-slice velocity-map ion images and the
kinetic energies of each of them are used to identify the three
possible dissociation channels, i.e., C(3P) + O(3P), C(1D)
+ O(3P), and C(3P) + O(1D). Once each of the peaks has
been assigned to a particular dissociation channel, the areas
under the peaks of the TKER spectra are used to obtain the
branching ratios. The C(3P) + O(1D) and C(3P) + O(3P)
channels share the same nascent C(3P) product, thus the ar-
eas of the peaks in the TKER spectra are a direct measure of
their relative percentages. For the C(1D) + O(3P) channel, the
photoionization cross section for the C(1D) will be different
than it is for the C(3P) so the branching ratio for this channel
has to be corrected for the ratio of the photoionization cross
sections.

The VUV photons that ionize these carbon atoms are the
resonant sum-frequency VUV photons (2ω1+ω2), rather than
the tripling (3ω1) photons because the former is more intense.
This is confirmed by determining the change in the intensity
of the H2O photoionization peak in the TOF spectrum, with
and without the presence of the visible laser, ω2. The pho-
toionization cross sections of H2O at these two frequencies
are nearly the same43 and when the visible laser is blocked
the peak corresponding to H2O disappears. This proves that
the 2ω1+ω2 VUV laser source is much greater than the 3ω1

laser source. In Secs. III A and III B, results for the branch-
ing ratio determinations for 1�+ and 1� bands in the region
from 108 000 cm−1 (92.59 nm) to 110 500 cm−1 (90.50 nm)
are described.

We have found that, for some of the observed bands in
this energy region, the assignments from the previous pub-
lished journal articles are different from the assignments made
by Michael Casey in his Ph.D. dissertation in 1979.44 Here
in this paper, we will accept the assignments from the pub-
lished journal articles except where specified and we will put
the assignments made by Michael Casey in square brackets
where they are different. The photofragment excitation spec-
tra of the C+ fragment produced from the predissociation of
CO in the energy region from 108 000 cm−1 (92.59 nm) to
110 500 cm−1 (90.50 nm) are shown in Figs. 1–4. In these
spectra, we observed six 1�+ bands and six 1� bands. All
of the bands have been identified except for two of the 1�

bands. The results obtained for four of these bands, namely,
the (4sσ )1�+(v′ = 4) [(B2�+)3sσ , v′ = 0] and (4pσ )1�+(v′

= 3) bands and the W(3sσ )1�+(v′ = 3) and 1�+(v′ = 2)

FIG. 1. The C+ photofragment spectrum produced from the predissocia-
tion of CO following the absorption of a single sum-frequency VUV pho-
ton for the bands 1�+(v′ = 1) [(4dσ )1�+ (v′ = 1)] (left) and (5dσ )1�+(v′
= 0) (right) from 108 130 cm−1 to 108 410 cm−1. The drop line assign-
ments were calculated according to the rotational constants in Ref. 3. The
relative intensity of the spectrum is not normalized according to the VUV
intensity.

FIG. 2. The C+ photofragment spectrum produced from the predissociation
of CO following the absorption of a single sum-frequency VUV photon for
the bands 1�(v′ = 2) [(A2�)3sσ , v′ = 4] (left) and (6pσ )1�+(v′ = 0) (right)
from 108 970 cm−1 to 109 190 cm−1. The drop line assignments for 1�(v′ =
2) [(A2�)3sσ , v′ = 4] (left) were calculated according to the rotational con-
stants in Ref. 3 and the drop line assignments for (6pσ )1�+(v′ = 0) (right)
are from Ref. 13. The two reproducible structures labeled by question marks
are not yet identified. The relative intensity of the spectrum is not normalized
according to the VUV intensity.

FIG. 3. The C+ photofragment spectrum produced from the predissocia-
tion of CO following the absorption of a single sum-frequency VUV pho-
ton for the bands (7pσ )1�+(v′ = 0) (left), (7pπ )1�(v′ = 0) (middle) and
1�(v′ = ?) (right) from 110 280 cm−1 to 110 500 cm−1. The drop lines show
the assignments for the band (7pσ )1�+(v′ = 0) (left). The spectrum above
110 312 cm−1 was amplified by a factor of 10 to show in the figure. The
relative intensity of the spectrum is not normalized according to the VUV
intensity.
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FIG. 4. The C+ photofragment spectrum produced from the predis-
sociation of CO following the absorption of a single sum-frequency
VUV photon for the band (4pπ )1�(v′ = 3)[(A2�) 3pσv′ = 0] from
109 550 cm−1 to 109 590 cm−1. The drop line assignments were obtained
from Ref. 13. The relative intensity of the spectrum is not normalized ac-
cording to the VUV intensity.

[(A2�)3sσ , v′ = 4] bands, have already been reported in a
recent communication.35

A. 1�+ bands

The C+ photofragment excitation spectrum in the region
between 108 130 and 108 410 is shown in Fig. 1. The first
band at 108 150 cm−1 was observed in the absorption spec-
trum by Letzelter et al.45 and labeled as 11 in Table I of
Ref. 45 as a 1�+. It was assigned as (4dσ )1�+ (v′ = 1) by
Casey.44 Its band origin and rotational constants were reported
by Eidelsberg and Rostas.3 Our assignments of the rotational
levels shown by drop lines in Fig. 1 were calculated using
the rotational constants in Ref. 3. From the spectrum, we can
see that the rotational lines are obviously broadened due to
the predissociation process. This is consistent with an excited
state life time of the order of 10−11 s reported by Eidelsberg
and Rostas.3

The second 1�+ band is (5dσ )1�+(v′ = 0) and was re-
ported as a diffuse band without any resolved rotational struc-
ture by both Eidelsberg and Rostas3 with a life time of the or-
der of 10−12 s and by Okazaki et al.16 in their C(3P) ion yield
spectrum. We also see this diffuse band in our C+ photofrag-
ment spectrum at 108 374.0 cm−1 in Fig. 1, but the full-width
at half-maximum of this band corresponds to a predissocia-
tion lifetime of 4 × 10−13 s. This is a factor of 2.5 faster than
the previously reported value and it is too fast for us to ob-
serve any rotational structure in the C+ photofragment spec-
trum. According to the Table I in Ref. 5, the next two 1�+ are
I′(5sσ )1�+(v′ = 1) and (6sσ )1�+(v′ = 0) which should be
at 108 679.0 cm−1 and 108 789.1 cm−1, respectively. We did
not see these two bands in our C+ photofragment spectrum
probably because the sum-frequency VUV in this region is
too weak as shown by the fact that the H2O photoionization
peak in the TOF spectrum has nearly disappeared.

The next 1�+ band in Fig. 2 is the (6pσ )1�+(v′ = 0)
band at 109 177.2 cm−1. The rotational assignments from Ref.
13 are shown as the drop lines in Fig. 2. The photofragment
spectrum of this band is very weak but it shows rotational
structure similar to the photoionization spectrum in Ref. 13,
where they reported a predissociation lifetime that is less than
3 × 10−11 s. The line width of the R(0) line in this spectrum
is 0.53 cm−1 and by using Eq. (1) we obtain a lifetime for the

(6pσ )1�+(v′ = 0) state of 3.5 × 10−11 s. The two values are
consistent within the experimental error of the measurements.

The two previously reported 1�+ bands of (4sσ )1�+(v′

= 4) [(B2�+)3sσ , v′ = 0] at 109 452 cm−1 and (4pσ )1�+(v′

= 3) at 109 485 cm−1 (Ref. 35) by us were also observed but
will not be repeated here. Figure 3 shows the next strong 1�+

band at 110 303 cm−1 that is assigned as the (7pσ )1�+(v′

= 0) band. This Rydberg state was observed and labeled as
5 in the Table I of Ref. 45 and was assigned to the npσ Ry-
dberg series by Ogawa and Ogawa46 based on their absorp-
tion spectrum. Its band origin and rotational constant were re-
ported, respectively, as 110 299 cm−1 and 1.82 cm−1 by Ko-
matsu et al.15 in their ion-dip spectrum. This band was also
seen in Okazaki’s C(3P) photofragment yield spectrum with
partially rotationally resolved structure.16 We obtained rota-
tionally resolved C+ photofragment spectrum for this band,
the peak positions and assignments were showed by drop lines
in Fig. 3 (left) and listed in Table I. This spectrum was used
to determine a band origin of 110 299.1 cm−1 and a rotational
constant of 1.863 cm−1 for this state. This is very close to Ko-
matsu’s results.15 The observed line width of the P(1) level
which corresponds to J′ = 0 level of the (7pσ )1�+(v′ = 0)
band is within our instrumental resolution of 0.45 cm−1. Thus,
the predissociation lifetime for this rotational level is longer
than 1.2 × 10−11 s. From the spectrum shown in Fig. 3, we
can see that the peak becomes broader as J′ increases from 0
for the P(1) line to 4 for the R(3) line. Equation (1) is used to
determine the lifetime of each of these J′ levels from the line
width, � (in cm−1), for each of these lines,47

� = δνobs − [(δν instr)
2/δνobs]_, (1)

where the δνobs is the observed line width, and the δν instr is the
instrumental resolution, which is 0.45 cm−1 for our apparatus.
We have obtained the natural predissociation line widths from
R(0) to R(3) level and plotted them as a function of J(J+1) as
shown in Fig. 5. The predissociation line width is linearly de-
pendent on J(J+1), which implies that the (7pσ )1�+(v′ = 0)

FIG. 5. Rotational state dependent predissociation line widths for the
(7pσ )1�+(v′ = 0) state as a function of J(J+1). The observed line width
for the P(1) line, which corresponds to J = 0 level, is the same as the instru-
mental resolution, thus we cannot obtain its natural predissociation line width
from deconvolution of the observed line width.
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TABLE I. Branching ratios of the � bands.

Band system VUV (cm−1) Rotation line C(1D) + O(3P)a % C(3P) + O(1D) % C(3P) + O(3P) %

108 154.9 R(0) <1 <1 100
108 158.5 R(1) <1 <1 100

1�+(v′ = 1) [(4dσ )1�+ (v′ = 1)] 108 162.1 R(2) <1 <1 100
108 147.4 P(1) <1 <1 100
108 143.5 P(2) <1 <1 100
108 370.0 . . . <1 <1 100

(5dσ )1�+(v′ = 0) 108 373.5 . . . <1 <1 100
108 378.8 . . . <1 <1 100
109 177.2 R(0) <5 <5 >90

(6pσ )1�+(v′ = 0) 109 180.2 R(1) <5 <5 >90
109 170.1 P(1) <5 <5 >90
110 302.8 R(0) 1.7 ± 0.1b 5.4 ± 0.3 93.0 ± 0.2
110 306.4 R(1) 1.6 ± 0.1 4.8 ± 0.4 93.6 ± 0.4
110 309.8 R(2) 1.7 ± 0.1 6.2 ± 1.1 92.2 ± 1.1

(7pσ )1�+(v′ = 0) 110 312.9 R(3) 1.8 ± 0.1 7.1 ± 0.5 91.1 ± 0.5
110 295.3 P(1) 1.2 ± 0.1 2.4 ± 0.3 96.4 ± 0.4
110 291.3 P(2) 1.6 ± 0.1 5.5 ± 0.2 92.9 ± 0.2
110 287.5 P(3) 1.7 ± 0.2 7.0 ± 0.8 91.3 ± 0.8

aThe ratios to the channel of C(1D) + O(3P) have been corrected for the photoionization cross sections of C(3P) and C(1D).
bThe standard errors are generated from three independent measurements.

band predissociates through a heterogeneous perturbation by
a repulsive state with � symmetry.48 The repeatable structure
which is observed at 110 290.5 cm−1 on the red side of P(2)
line (Fig. 3) is caused by the Kr single photon resonance line:
4s24p5(2Po

3/2)8d 2[1/2]o
1 ← 1S0. This phenomenon has been

observed and explained in our NO experiment.39

Besides the 1�+ bands discussed above, an extra band
near 109 040 cm−1, that is labeled in Fig. 2 by a question
mark shows rotational structure with 1�+ characteristics. To
our knowledge, this band, which is too weak to get good ion
images, has never been observed before. It may be due to
the 1�+ analog band of the 1� band at 109 013 cm−1 for
which the time-slice ion image has been reported in our re-
cent communication.35 Their electron configurations are only
different by one electron (the Rydberg electron), and strongly
coupled to each other. This may explain the nearly isotropic
angular distribution for the band at 109 013 cm−1 observed
from our time-slice ion images.35

To measure the branching ratio, we have obtained the
time-slice velocity-map ion images at the bands that have ro-
tational lines strong enough when detecting the C+ ions. Ex-
amples of the raw images and the corresponding TKER spec-
tra for the R(0) level of the band 1�+(v′ = 1) [(4dσ )1�+

(v′ = 1)] at 108 154.9 cm−1 and the R(0) level of the band
(7pσ )1�+(v′ = 0) at 110 302.8 cm−1 are shown in Figs. 6(a)
and 6(b) and 6(c) and 6(d), respectively. Three peaks near
0.6 eV, 1.3 eV, and 2.5 eV were observed in Fig. 6(d) and they
are assigned to the three energetically available predissocia-
tion channels of CO, i.e., C(3P) + O(1D), C(1D) + O(3P), and
C(3P) + O(3P), respectively. The peak at 2.5 eV correspond-
ing to the channel C(3P) + O(3P) for the (7pσ )1�+(v′ = 0) at
110 302.8 cm−1 in Fig. 6(b) is shifted to about 2.2 eV for the
band 1�+(v′ = 1) [(4dσ )1�+ (v′ = 1)] at 108 154.9 cm−1

in Fig. 6(d). This observation confirms that the images
are produced from the predissociation of CO following the

absorption of a single sum-frequency VUV photon, i.e.,
2ω1+ω2 because the peak shift corresponds exactly to the
energy difference of the two sum-frequency VUV photons.
From the images and TKER spectra in Figs. 6(b) and 6(d),
we can see that the channel producing C(3P) + O(3P) dom-
inates the predissociation process for both of the two bands,
but in the TKER spectrum for the (7pσ )1�+(v′ = 0) band,
a small but measurable amount of CO can predissociate into
C(3P) + O(1D) and C(1D) + O(3P) channels. In the TKER

FIG. 6. Raw time-slice velocity-map ion images and their TKER spectra
produced from the predissociation of CO following the absorption of a sin-
gle sum-frequency VUV photon for the R(0) line of the band 1�+(v′ = 1)
[(4dσ )1�+ (v′ = 1)] ((a) and (b)) at 108 154.9 cm−1 and the R(0) line of the
band (7pσ )1�+(v′ = 0) ((c) and (d)) at 110 302.8 cm−1. The TKER spectra
were normalized by treating the height of the C(3P) + O(3P) peak as 1. The
assignments for each of the peaks are shown in (b) and (d).
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spectrum for the 1�+(v′ = 1) [(4dσ )1�+ (v′ = 1)] band, the
predissociation into the two channels with the higher energy
thresholds is too weak to be observed. A similar effect is ob-
served for the diffuse (5dσ )1�+(v′ = 0) band. This observa-
tion shows that the branching ratio for predissociation of CO
into spin-forbidden products is strongly dependent upon the
state being excited. The image for the 1�+(v′ = 1) [(4dσ )1�+

(v′ = 1)] band at 108 154.9 cm−1 shows a strongly parallel
angular distribution with a recoil anisotropy parameter of 1.8
which is consistent with a �-� transition,49 while the image
for the (7pσ )1�+(v′ = 0) band shows a perpendicular angu-
lar distribution with a recoil anisotropy parameter of −0.67.
Here, the recoil anisotropy parameter was obtained by fitting
the experimental measured intensity into the equation
I(θ ) = (σ /4π)[1 + βP2(cosθ )], which is generally used to
describe the angular distribution of the photodissociation in-
duced by a single linear polarized photon.50 This is an in-
teresting observation, because it is not expected for a typical
�-� transition. It may be because this band is perturbed by
its 1� analog state, i.e. (7pπ)1�(v′ = 0), that then makes it
a mixed band which has both 1�+ and 1� character. This
is supported by the observation that the (7pπ)1�(v′ = 0)
band, which also shows 1�+ character that will be discussed
in Sec. III B. The fact that the (7pσ )1�+(v′ = 0) band is
predissociated through a repulsive � state, which has been
confirmed by the line width measurements shown in Fig. 5,
may also be one of the reasons. More theoretical and exper-
imental work is needed to explain this unexpected angular
distribution.

We have measured the branching ratios for the three ob-
served predissociation channels by integrating the areas un-
der each of the three peaks for all the bands with strong C+

photofragment excitation spectra in this energy region and
listed them in Table I. For the diffuse (5dσ )1�+(v′ = 0)
band, we have collected images both at the peak position and
the positions with half intensity to make sure they are simi-
lar to each other. At each of the photon energy, we repeated
the measurements at least three times to confirm their accu-
racy. As mentioned above, the intensity of the channel pro-
ducing C(1D) has to be calibrated by considering the different
photoionization cross sections between C(3P) and C(1D). The
photoionization cross section of C(3P) has been previously
calculated by both the R-matrix method51, 52 and many-body
perturbation theory.53 It has also been measured experimen-
tally by Cantu et al.54 The photoionization cross section of
C(3P) was found to be about 16 Mb in the region we are
studying here. The photoionization cross section of C(1D)
has also been calculated before,52, 55 but no experimental mea-
surement has been reported. According to the theoretical cal-
culation, the photoionization cross section of C(1D) in this
region depends dramatically on the excitation energy of the
photon. The accuracy of the theoretical calculations is low,
thus it is one of the biggest sources of uncertainty in our ex-
perimental measurements of the branching ratios. Based on
the calculation results,52, 55 we used photoionization cross sec-
tions of 30 Mb, 50 Mb, and 60 Mb, respectively, for 1�+(v′

= 1) [(4dσ )1�+ (v′ = 1)] and (5dσ )1�+(v′ = 0),
(6pσ )1�+(v′ = 0), (7pσ )1�+(v′ = 0) bands. To get a more
accurate calibration, detailed and accurate measurements of

the photoionization cross section of C(1D) are needed, or an
independent method needs to be employed.

From Table I, we can see that the first three 1�+ bands do
not produce signals strong enough for accurate branching ra-
tio measurements of the two spin-forbidden channels, so only
upper limits are listed in the table. This implies that the pre-
dissociation channels producing C(1D) + O(3P) and C(3P)
+ O(1D) are not very likely for these three 1�+ bands. For
the (7pσ )1�+(v′ = 0) band, observable percentages into the
two spin-forbidden channels can be obtained and are listed in
Table I. The true error in the branching ratios measured for
the (7pσ )1�+(v′ = 0) from the same J′ level is larger than the
statistical error in Table I. This could be due to either the dif-
ferent signal sizes for different branches or other interferences
at the two different wavelengths.

B. 1� bands

Recently, we have reported on the C+ ion photofragment
spectra and the branching ratios in the predissociation for
two 1� bands at 108 014 cm−1 and 109 019 cm−1.35 These
two bands were listed as W(3sσ )1�(v = 3) and 1�(v = 2)
[(A2�)3sσ v′ = 3], respectively, in Table I of Ref. 5. The
next 1� band, (6pπ)1�(v = 0), is diffuse and should be ob-
served at 109 203 cm−1 (Ref. 5) according to Eidelsberg and
Rostas.3 We see a very broad and weak structure (not shown
here) corresponding to this band in our C+ ion photofragment
spectrum but it is not strong enough to collect ion images.
The next 1� band (5pπ )1�(v = 1) overlaps with two strong
1�+ bands18 and cannot be uniquely identified in our C+

photofragment spectrum.35 Eidelsberg et al.18 have assigned
the band at 109 564 cm−1 in the C+ ion photofragment spec-
trum shown in Fig. 4 to the (4pπ )1�(v′ = 3) [(A2�) 3pσ v′

= 0] Rydberg state. The rotational assignments are designated
by the drop lines and the line positions are consistent with the
studies of both Eikema et al.13 and those of Eidelsberg et al.18

The next 1� band in the C+ ion photofragment spectrum is
due to the (7pπ)1� (v′ = 0), which is at 110 345 cm−1 in
Fig. 3. This band was first identified in the absorption
spectrum by Ogawa et al.46 at 110 331 cm−1, and then
observed in the ion-dip spectrum by Komatsu et al.15 at
110 350 cm−1 and in the C(3P) ion yield spectrum by Okazaki
et al.16 at ∼110 349 cm−1. According to the C+ ion photofrag-
ment spectrum in Fig. 3, this band is strongly broadened
due to a fast predissociation process. The relative intensity is
much smaller than its analog state (7pσ )1�+(v′ = 0). This is
contrary to the C(3P) ion yield spectrum obtained by Okazaki
et al.16 where the sigma and pi states have comparable intensi-
ties. This may be due to the fact that they used a multi-photon
excitation scheme that can have different excitation probabil-
ity than a single photon excitation process.

Besides the previously identified 1� bands discussed
above, there are two extra bands at 108 988 cm−1 and 110 480
cm−1 shown in Figs. 2 and 3 that also seem to have 1� char-
acter. The anisotropy parameters for the production of the
C(3P) + O(3P) channel from these two band were measured
as −0.12 and −0.48, respectively. To our knowledge, the band
at 108 988 cm−1 has not been observed before, and the band
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TABLE II. Branching ratios of the � bands.

Band system VUV (cm−1) Rotation line C(1D) + O(3P)a % C(3P) + O(1D) % C(3P) + O(3P) %

1� (v′ = ?) 108 988.0 . . . 20 ± 4b 21 ± 8 59 ± 5
109 564.5 Q(1) 22 ± 2 30 ± 4 48 ± 3

(4pπ )1�(v′ = 3) 109 568.6 R(0) 22 ± 1 30 ± 3 48 ± 2
[(A2�)3pσ v′ = 0] 109 572.3 R(1) 21 ± 3 31 ± 6 49 ± 4

109 576.3 R(2) 19 ± 2 26 ± 3 55 ± 2
(7pπ )1�(v′ = 0) 110 345.1 Q(1) 3.2 ± 0.1 17.1 ± 1.0 79.7 ± 1.0

110 349.4 R(0) 3.0 ± 0.1 18.0 ± 1.0 79.0 ± 1.0
1� (v′ = ?) 110 479.1 . . . 1.4 ± 0.2 3.1 ± 0.1 95.5 ± 0.3
[[(A2�)3sσ v′ = 4] 110 485.5 . . . 1.4 ± 0.1 2.7 ± 0.6 96.0 ± 0.7

aThe ratios to the channel of C(1D) + O(3P) have been corrected for the photoionization cross sections of C(3P) and C(1D).
bThe standard errors are generated from three independent measurements.

at 110 480 cm−1 was observed in the absorption spectrum by
Letzelter et al. at 90.509 nm, i.e., 110 486 cm−1.45 It was pre-
viously assigned as (A2�) 3sσ (v′ = 4) by Casey.44 An accu-
rate assignment needs more detailed information of CO over
a larger spectral range.

To measure the branching ratios of the 1� bands, we have
obtained the time-slice velocity-map ion images by detecting
C+ ions. Examples of the raw images and the corresponding
TKER spectra for the R(0) line of the band (4pπ )1�(v′ = 3)
[(A2�) 3pσ v′ = 0] at 109 568.6 cm−1 and the Q branch of the
band (7pπ )1�(v′ = 0) at 110 345.1 cm−1 are shown in Fig. 7.
Again these two 1� bands have very different branching ra-
tios. The percentages for the spin-forbidden channels for the
(4pπ )1�(v′ = 3) [(A2�) 3pσ v′ = 0] band are much larger
than those for the band of (7pπ)1�(v′ = 0). The angular dis-
tribution of the (4pπ)1�(v′ = 3) [(A2�) 3pσ v′ = 0] band is
strongly perpendicular with a recoil anisotropy parameter of

FIG. 7. Raw time-slice velocity-map ion images and their TKER spectra
produced from the predissociation of CO following the absorption of a single
sum-frequency VUV photon for the R(0) line of the band (4pπ)1�(v′ = 3)
[(A2�) 3pσ v′ = 0] ((a) and (b)) at 109 568.6 cm−1 and the Q branch of the
band (7pπ )1�(v′ = 0) ((c) and (d)) at 110 345.1 cm−1. The TKER spectra
were normalized by treating the height of the C(3P) + O(3P) peak as 1. The
assignments for each of the peaks are shown in (b) and (d).

−0.8, which is consistent with a �-� transition. The recoil
anisotropy parameter for the R(0) line of the (7pπ )1�(v′ = 0)
band at 110 349.4 cm−1 is −0.5. This is a large deviation from
−1 and it could indicate that predissociation is slower or that
there is a larger mixture of the (7pπ )1�(v′ = 0) with its 1�+

analog band (7pσ )1�+(v′ = 0) as mentioned above.
The branching ratios for all the 1� bands are measured

from their time-slice velocity-map ion images and they are
listed in Table II. A photoionization cross section for the
C(3P) atoms of 16 Mb is used for these measurements. For
the C(1D) atoms a photoionization cross section of 50 Mb is
used for the bands at 108 988 cm−1 and 109 564 cm−1, and
60 Mb for the bands at 110 345 cm−1 and 110 480 cm−1.
Again, from Table II, we see that the branching ratios in the
predissociation of CO strongly depend upon which state is
being excited.

IV. DISCUSSION AND CONCLUSION

The above measurements and the results reported in our
recent communication35 for the branching ratios for the pre-
dissociation of CO molecules can be used to determine how
the states of the atomic products vary with the single photon
excitation energy. The percentages of the three dissociation
channels versus the single photon excitation energy for all the
1� bands and 1�+ bands are plotted in Figs. 8(a) and 8(b),
respectively. In the present study, we are above the dissocia-
tion energies for the singlet and triplet channels at all of the
wavelengths used in the present study. From the figure, we
can conclude that the branching ratio into different channels
for the dissociation of CO is strongly dependent on exactly
what VUV excitation energy is used. This is highly sugges-
tive that the wavelength dependence can be used to determine
the energy where there is a high probability for intersystem
crossing to triplet states that lead to dissociation. The present
points are too sparse to clearly define these crossing points so
more work will be needed.

In Fig. 8, we see that there are bands that predissociate
into the two spin-forbidden channels and in some cases they
are of the same order of magnitude as the allowed channel.
This is not the only region where the ground and excited frag-
ments are produced with comparable yields. Okazaki et al.
have shown that the C(1D) channel is produced with
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FIG. 8. The plot of the branching ratio for the predissociation of CO versus
the single photon excitation energy: (a) � bands, (b) � bands. The percent-
ages into the channels producing C(1D) + O(3P) and C(3P) + O(1D) are plot-
ted with red circle and blue triangle, respectively. The error bars are smaller
than the symbols for most of the data points.

comparable intensity with that of C(3P) channel for the
L(4pπ)1� (v = 0) band at 103 270 cm−1.16, 33 This is below
the threshold energy for the production of the O(1D) that we
observe in the present study. Excited singlet states cannot cor-
relate to the spin-forbidden triplet dissociation channels but
they must undergo intersystem crossing to a triplet state first.
Based upon the present branching ratio measurements, spin-
orbit interactions are greatly enhanced for certain states in this
region. The branching ratios dependence on the excitation en-
ergy between N(2Do) + N(4S) and N(2Po) + N(4S) for N2 can
be qualitatively explained by the structures of the three low-
est adiabatic 3� states and their interactions with the singlet
states.56, 57 However, similar information for the 3� Rydberg
and valence states of CO is not presently available. Yet this
information is crucial for understanding the predissociation
dynamics of CO into the spin-forbidden triplet channels.

The dynamics for the C(3P) + O(3P) singlet dissociation
channel has been explained invoking an interaction with the
repulsive D′1�+ state in several studies.9, 13, 19–22 Eidelsberg
et al. extended this explanation to higher regions for the 1�+

states by using a complex mixture of B1�+ (v′ = 6, 7, 9)
and the repulsive D′1�+ state.18 This complex mixture of
states will also play an important role for the production of
the C(3P) + O(3P) channel in the present study, especially
for the three lowest 1�+ bands observed here where only the
ground dissociation channel is present. The 1� valence state
that correlates to the ground dissociation channel was first as-
signed by O’Neil et al.58, and later identified as the 2 1� state
by Cooper et al.9 Lefebvre-Brion and co-workers have done
very detailed theoretical calculations on the adiabatic poten-
tial curves of the valence 1� states.7, 10, 59 The 3� valence
states correlating to the ground dissociation channel have
also been calculated by O’Neil et al.58 and recently in much

more detail by Lefebvre-Brion and co-workers.7, 10 The role
of the valence k3� state in the predissociation mechanism
has been mentioned above, and it has been recently confirmed
by Lefebvre-Brion and co-workers’ ab initio calculations.10

Besides the above investigations, the dynamics of the � va-
lence states for the production of the C(3P) + O(3P) channel
is not as clear as the dynamics from the D′1�+ state. The role
of these � states in the production for the ground dissocia-
tion channel has been confirmed by the line width measure-
ments for the (7pσ )1�+(v′ = 0) state in Fig. 5. As discussed
above, a linear rotational dependence of the line width on the
J(J+1) implies that it is being predissociated by a nearly re-
pulsive state with � symmetry, and this state has been shown
to produce mainly the ground atomic fragments in Table I.
Further study is needed to understand the role of the � va-
lence states in the dynamics for producing the C(3P) + O(3P)
channel.

A detailed global picture for the production of the two
lowest spin-forbidden triplet channels has not yet been estab-
lished. Because only triplet states can correlate to those chan-
nels, the directly photo-excited singlet states have to couple
to certain triplet states through intersystem crossing to disso-
ciate. The spin-orbit interaction between 1� and 3� states are
the key point in the predissociation dynamics of the 1� states
of N2,60 and the 1�+ states may have to couple to 1� states
first to predissociate.61 The spin-orbit interaction between the
lowest 1� and 3� states of CO has been studied theoretically
by Hall et al. in 1973, and they found that the perturbation
is strongly dependent on the inter-nuclear distance and the
vibrational states.62 In recent calculations of the potential en-
ergy curves of CO by Lefebvre-Brion et al.,10 the adiabatic
potential curves with the 3� character have been obtained and
shown in Fig. 4 of Ref. 10. They are similar to the 3� states
of N2. The adiabatic curves are formed by several diabatic
Rydberg and valence 3� states through many avoided cross-
ings. The relative strengths of those avoided crossings to dif-
ferent repulsive 3� curves are probably responsible for the
strong state-dependent branching ratios for the predissocia-
tion of CO measured in the present study. The single photon
excited 1� states should couple to certain 3� states of either
Rydberg or valence types through the spin-orbit interaction,
these 3� states will predissociate through avoided crossings
with repulsive 3� states, which correlate to the two triplet
channels. The spin-orbit interaction is enhanced for certain
states in the region from 108 900 cm−1 to 109 600 cm−1,
which increases the yield to the two spin-forbidden triplet
channels. This is probably because certain 3� states are cross-
ing with those singlet states in this wavelength region. The
1�+ states may have to couple to 1� states as a first step
through heterogeneous interactions to predissociate into the
spin-forbidden triplet channels, and this may explain the fact
that most of the 1�+ states in the present study only pre-
dissociate into the ground channel. The (4sσ )1�+(v′ = 4)
[(B2�+)3sσ , v′ = 0] and (4pσ )1�+(v′ = 3) bands pro-
duce comparable amounts of excited atomic fragments with
the ground state atoms.35 Eidelsberg et al. showed that the
(4pσ )1�+(v′ = 3) band interacts with the (4pπ)1�+(v′ =
3) [(A2�) 3pσ v′ = 0] band and another dark 1� band in
this region, and the two 1�+ bands strongly couple to each
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other.18 Based on the observations that predissociation of 1�

bands in this region produce comparable amount of excited
atoms, then the interaction of (4sσ )1�+(v′ = 4) [(B2�+)3sσ ,
v′ = 0] and (4pσ )1�+(v′ = 3) states with nearby 1� states
would explain the very high yields into the spin-forbidden
channels.

If we accept the assignments made by Casey in his Ph.D.
dissertation,44 an interesting phenomenon can be noticed. Ac-
cording to Casey, the levels at 108 016 cm−1, 109 017 cm−1,
109 568 cm−1, and 110 480 cm−1 can be assigned as Ry-
dberg states converging to the ionic core CO+(A2�). The
level at 109 452 cm−1 was assigned as a Rydberg state con-
verging to the ionic core CO+(B2�+). Several levels sur-
rounding this level have high yields of spin-forbidden chan-
nels. We speculate that the presence of a Rydberg state with
a (B 2�+) ionic core enhances the spin-orbit coupling to
these spin-forbidden channels. If this is the case, then we
would expect that the Rydberg levels associated with the (B
2�+) will have a higher yield for the spin-forbidden channels
compared to those converging to the (A2�) ionic core and
the ground ionic core. The (4sσ )1�+(v′ = 4) [(B2�+)3sσ ,
v′ = 0] band at109 452.5 cm−1 and the (4pσ )1�+(v′ = 3)
band at 109 484.7 cm−1 from our earlier study35 certainly fol-
low this expectation since their yields of the spin-forbidden
channels are much higher than the yields from most of the
states with an (A2�) ionic core and ground ionic core that
are not near the Rydberg state with the (B 2�+) ionic core.
The three states out of 12 that we have studied so far that
deviate from this trend are the unidentified state 1� at
108 988 cm−1, another 1�+(v′ = 2) state35 at 109 016.9 cm−1

and the (4pπ)1�(v′ = 3) [(A2�) 3pσ v′ = 0] band at
109 564.5 cm−1. This is analogous to the results from He-
lene Lefebvre-Brion that showed that the spin-orbit mixing
between 1� and 3� Rydberg states with A2� ionic core is
more important than the mixing between those states with
X 2�+ ionic core.63 In the present case, the addition of the
nearby Rydberg state with a (B2�+) ionic core increases the
coupling to the triplet states. To confirm this, a more system-
atic study of the branching ratios in a larger energy range will
be needed.

In summary, we have combined the time-slice velocity-
map ion imaging and the resonant four-wave mixing tech-
niques to measure the branching ratio of the CO predisso-
ciation into the three lowest channels in the region from
108 000 cm−1 (92.59 nm) to 110 500 cm−1 (90.50 nm) by us-
ing only one windowless VUV beam. Our reported branching
ratios are dependent on the previously measured and/or cal-
culated photoionization cross sections of C(3P) and C(1D).
To make a more accurate measurement and to determine the
crossing points, two separate VUV beams are needed, so that
we can probe specifically C(3P) or O(3P) by fixing one VUV
beam to match one of the resonance lines of those atoms and
scan the other VUV beam for dissociation. This will increase
the sensitivity for detection and is part of our future plans. In
the present study, a tentative explanation for the observation
has been given. The 3� states with Rydberg or valence types
and their spin-orbit interactions with the 1� states play impor-
tant roles in the dynamics for producing the spin-forbidden
triplet channels. More detailed and quantitative theoretical

calculations are definitely needed to explain the observation
in the present study.
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