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Introduction: Isotopically selective dissociation of 

CO (the most abundant nebular oxygen bearing mole-
cule) via termed isotope self-shielding is a significant 
photochemical processes in interstellar molecular 
clouds [1-3] invoked to explain the observed over 
abundance of minor isotopomers of CO (13C16O, 
12C18O, 12C17O). This process has been suggested as a 
mechanism to explain the oxygen isotopic composition 
of meteoritic material [4-7]. Employing a thorough ki-
netic treatment [7] demonstrated that highly isotopically 
enriched (17O and 18O) water ice might be formed in the 
nebular disk mid-plane (at 30 AU) from isotope selec-
tive dissociation of CO and subsequent reaction with 
hydrogen on grain surfaces. The enriched water mi-
grates inward (1-2 AU) and eventually becomes seques-
tered in silicates giving rise to the array in the oxygen 
three-isotope plot of the early solar syatem materials [8, 
9]. There have never been experiments directed towards 
measuring the relevant isotopic fractionation factors 
associated with UV-CO photochemistry. This paper 
reports our progress in such experiments. 

 We are pursuing CO photochemistry experiments at 
the short wavelengths of relevance to nebular photo-
chemistry [10]. Eventual verification of models and 
continued development requires measurement of iso-
topic fractionation factors associated with specific 
quantum processes. Here we present new data and dis-
cuss potential importance and relevance of excited state 
photo-physics under nebular conditions. 

 Experiment: CO photodissociation experiments 
have been carried out at two different wavelengths cen-
tered at 108.75 (± 1) and 147.5 (± 1) nm at the Ad-
vanced Light Source (ALS) of Lawrence Berkeley 
Laboratory’s synchrotron facility using a varying opti-
cal path length (90 to 120 cm), single window (1 mm 
thick LiF) photolysis cell. At 108.75 nm two sets of 
photolysis experiments were carried out (photolysis 
duration of each experiment was 7 to 8 hours). The first 
one with pure CO (high purity, 99.995 %) and the sec-
ond one with a mixture of H2 and CO with varying ra-
tion from 1.0 to 3.0 in different steps. At 147.5 nm, 
only pure CO Photodissociation was carried out (with 
duration of 3 hours for each experiment). The CO col-
umn densities used in the experiments range from 1019 
to 5 x 1020 mol/cm2. In all experiments, the product 
CO2 were collected and analyzed for oxygen isotopes 
(17O and 18O) by CO2 fluorination. 

Results: Figure 1 shows the oxygen isotopic com-
positions of the product CO2 in different experiments 

along with the initial CO. A small amount of H2O (~ 2 
µmol) as produced in the experiments with H2. Iso-
tropic measurements will be attempted on the water. 

CO2 produced in 108.75 nm exhibit a narrow range 
of fractionation close to the initial CO composition. 
Two of them show a small mass independent effect 
(within 1 to 2 ‰). The biggest effect (∆17O = 1.8 ‰) is 
observed in pure CO photodissociation at a pressure 
below 200 torr. In contrast, CO2 produced at 147.5 nm 
photolysis shows a larger fractionation along the mass 
fractionation line passing through the initial CO com-
position. 
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Figure 1. Oxygen isotopic composition of initial CO, product 
CO2 and residual CO during CO photodissociation experi-
ments in different experimental configurations. Except two 
data points, all the data lie over the mass fractionation line (of 
slope 0.515). 

CO Photochemistry: It is well known that CO is 
photodissociated by absorption of VUV photons on 
discrete lines. The excited (Rydberg) states are mostly 
predissociated through the interaction with continuum 
states. In the wavelength region 115 to 90 nm, there are 
numerous strong absorption bands (about 12 with inte-
grated absorption cross sections exceeding 10 x 10-18 
cm2 nm) [11, 12]. Though there is one to one corre-
spondence between absorption and dissociation cross 
sections in most of those bands, the transition X1Σ+ ← 
C1Σ+ (0, 0) at 108.79 nm, where the absorption cross 
section is 64.8 x 10-18 cm2 nm, the dissociation cross 
section is 0 [11]. Thus, high absorption occurs at this 
wavelength without dissociation leading to the forma-
tion of CO* (electronically excited CO).  Once CO* is 
formed it reacts with CO to form CO2. There are two 
effective bands above 105 nm (at 107.6 nm and 105.17 nm 
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with upper states E1Π  (v = 0 and 1)) which could contrib-
ute significantly to absorption and dissociation (equal ab-
sorption and dissociation cross sections of ~ 30 x 10-18 and 
2.8 x 10-18 cm2 nm for these two bands, respectively). 
There is another relatively strong absorption band of CO 
corresponding to a 4th positive system (A1Π) at around 150 
nm. The absorption cross section is about 3 x 10-18 cm2 nm 
at these wavelengths [13]. The fate of CO due to the ab-
sorption at these bands is the same as absorption at the 
non-dissociating C1Σ+ band, i.e., formation of CO2. There-
fore, the present experiments actually measures the iso-
topic fractionation associated with excitation two well-
defined and different electronic states. 

 Discussion: In the present experiment, the isotopic ef-
fect due to the absorption of a non-dissociative upper elec-
tronic state was specifically measured due to the high 
quantum specificity of the absorption event.  

The electronic transitions at 108.75 and 147.5 nm from 
the ground electronic state (X1Σ+) are C1Σ+ (v = 0) and 
A1Π (v = 3) [11, 13]. The absorption of light at these 
wavelengths leads to electronic excitation to CO*, with 
subsequent self-reaction to form CO2. The observed wave-
length dependent fractionation in the product CO2 arises 
with a smaller isotopic fractionation for the higher energy 
electronic state C1Σ+ (the available energy at 108.75 and 
147.5 nm are 11.4 and 8.4 eV respectively). The lower 
energy state, A1Π produces a larger, but also mass depend-
ent isotopic fractionation. These are the first measurements 
of isotopic fractionation factors specifically associated 
with defined electronic states. 

For a 5 % transmission at 108.75 nm of the available 
photon flux (1 x 1016 photons/sec) through the LiF win-
dow, the estimated lower limit of the quantum yield of the 
process, CO + hν → CO*, and CO + CO* reaction to CO2 
is approximately 10 %, based upon the product yield.  

The data presented here do not address CO dissociation 
due to the energy; nevertheless, they have direct implica-
tions for interpreting nebular oxygen isotopes. The recon-
structed solar flux during the T-tauri phase of the Sun [14] 
(or the interstellar radiation field [2]) exhibits a gradual 
intensification of photon flux towards 150 nm from the far 
UV region. If a nebular gas was continuously irradiated by 
these spectra of photons, most of the CO absorp-
tion/dissociation bands are not accessible and CO dissocia-
tion is limited to fewer number of bands [2]. In contrast, 
these lower energy bands are not shielded by hydrogen and 
hence may contribute significantly towards the excited 
state chemistry of CO, as measured in the present experi-
ments. For example, a comparison of absorption cross sec-
tion between the non-dissociative band at 108.79 nm and 
the major  dissociative band at 105.17 nm (responsible for 
58 % of C18O dissociation [2]) leads to a 20-fold advantage 
of the non dissociative process, an outcome of the larger 
cross section. The consequence, based upon the experi-
mental observations is the production of CO2, with forma-
tion of CO2 ice at the low temperatures required for the 
preservation of a self-shielding signal. This reservoir pool 
of CO2 would freeze out at the disk mid-plane and migrate 

towards the inner nebula along with the isotopically 
anomalous water ice produced by self-shielding (dissocia-
tive CO process). Under these conditions, the oxygen res-
ervoir in the ice is significantly different from that associ-
ated with only self-shielding because of the importance of 
the formation of CO2 from the non-dissociative photo-
chemistry of CO, as observed in the experiments. This is a 
significant modification as all models only include the 
selective dissociative process while the non-dissociative 
process is a significant process in the formation of ice. 

In the above considerations, the astronomical observa-
tions [1, 3] of the over abundance of the rare CO iso-
topomers remains valid. The kinetic treatment by Lyons 
and Young [7] carefully estimates the water-ice isotopic 
composition and is a major advancement in understanding 
the early nebula. However, the present experimental ob-
servations demonstrate that consideration of electronically 
excited CO photochemistry is a process that should be 
quantitatively considered in any nebular photochemical 
model.  

Conclusion: Along with CO self-shielding, excited 
state chemistry may be important and will alter a photo 
chemically generated ice oxygen isotopic composition and 
must be considered. The present experiments provide de-
tails of the fractionation factors associated with specific 
excited states. Our recent smoke experiments [15, 16] have 
now demonstrated a chemical origin of mass-independent 
oxygen in solid silicon oxides. Irrespective of isotopic 
selective photochemical process of CO, the kinetic step 
leading to a solid phase will produce a mass independent 
isotopic composition based upon symmetry considerations. 
To date, the experiments are limited at the synchrotron 
because of the limitations of window material and their 
transmissivity. Future experiments (with windowless con-
figuration) are required at the relevant wavelengths to 
demonstrate that self-shielding is a viable process and to 
facilitate model development. 
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