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Abstract 2 

The photodissociation of C02 at 157nm was studied by the 

photofragment-translational spectroscopy technique. Product time-of
flight spectra were recorded and center-of-mass translational energy 
distributions were determined. Two electronic channels were observed -
one forming -O(ID) and the other 0(3p).' With previously determined 
anisotropy parameters of Ji = 2 for the 0(3p) channel and Ji = 0 for the 0(1 D) 
channel, an electronic branching ratio of 6% ± 2% 0(3p) was obtained, 

consistent with previous results. The translational energy distribution for 
the CO (v) + Oep) channel was very broad (over 30 kcal/mol) and appeared 
to peak near CO(v=O). The value of Ji = 2 for the 0(3p) channel was 

confirmed by comparing Doppler profiles, derived from our measured 
translational energy distribution, with previously measured Doppler 
profiles. This suggests that the 0(3p) channel arises from a direct transition' 
to an excited triplet state. The O(ID) channel had a structured time-of
flight which related to ro-vibrational distributions of the CO product. The 
influence of the excitation of the C02(V2) bending mode was investigated 

and shown' to have a small but not negligible contribution. Based upon a 
comparison of our 'data with a previous VUV laser' induced fluorescence 
study, we obtain as our best estimate of the vibrational branching ratio, 
CO(v=O)/CO(v=l) = 1.9, for the CO(v) + O(ID) channel. 

, 
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. Introduction 
/ 

The vacuum-ultraviolet (VUV) photochemistry of C02 is an intriguing 
and important problem. Not only is C02 an important atmospheric 

constituent, but its relative simplicity should allow for detailed study and 
comparison with theory. For wavelengths in the range 140-170nm, CO2 

dissociation has two open channels: 

(1) 

(2) 

C02(Il:g +) ~ CO(Il:+) + 0(10) 

C02(Il:g+) ~ CO(Il:+) + 0(3p ) 

The latter channel, reaction (2), represents a spin-forbidden process . 
. ' 

Earlier work 1 in a gas bulb indicated that the quantum yield for 
reaction (l) is unity at 131nm and 147nm~ consistent with the expectation 
that a spin-forbidden process should be very unfavourable in a triatomic 
molecule consisting of ca.rbon and oxygen atoms (i. e. relatively small spin
orbit coupling). Although 0(3p) was observed, it could be "completely 
accounted for via collisional relaxation of O( 1 0) : 

(3) 

It is well known that 0(10) is quenched by atmospheric molecules2 with 
near gas kinetic efficiency. The weak spin-orbit coupling, however, 
suggests that such processes should be inefficient in simple encounters: the 
observed high quenching efficiency arises from the formation of a long
lived complex (i.e. several vibrational periods), increasing the probability 
of spin transition via multiple crossings of the singlet-triplet intersection 
regIon. 

Recently, the photolysis of C02 at 157 nm was investigated using a 

.~ chemical scavenging technique3. It was suggested that the primary 
photoprocess producing Oep) (reaction 2) contributes about 6% to the 
quantum yield. A subsequent study of the O(3pj" j"=2,l,O) state 



4 
distribution and Doppler profiles in a molecular beam experiment4 
confirmed the primary character of this channel. The Doppler profiles were 
analyzed to give an anisotropy parameter of ~=2. A ~-value of two is 

usually expected for a very direct dissociation from a linear excited state 
wherein the recoil velocity vector is parallel to the electronic transition 
moment vector. 

Most recently, the vibrational and rotational distributions of the 
CO( 11:+) product were measured in a' pump-and-probe experiment via VUV 

(vacuum ultraviolet) laser induced fluorescence5• The CO product was 
found to have a highly excited rotational distribution, terminating abruptly 
at the energetic limit. This is indicative of dissociation occuring from a bent 
excited state. Consistent with this was a measurement an anisotropy 
parameter of ~=O, corroborating the suggestion that the excited state is 

bent. If, the molecule bends . strongly as it dissociates, the recoil velocity 
vector will be at a large angle relative to the transition moment vector and, 
hence, the ~ parameter will be small. ' 

The excited states ~f C02 are very complicated6• There are two weak 
bands between the C02(11:g +) ground state and the group of {1 fIg ~ 11:u -', 

1 ~u ' and 11:g +} excited states' that occur in the range 120 - 200 nm and all 
are electric- dipole. forbidden (Dooh symmetry). The electronic transition, ' 

however, can be vibronically induced by a bending vibration. The first 
band, beginning around 6eV with a maximum near 8.4 eV, is irregular and 
diffuse and no assignments have been made. Excitation at 157 nm 
corresponds to this transition. At higher energy, the second transition is 
sharper and more' regular, peaking near 9.3 e V. The first optically allowed 
transition appears around 11.1 e V. High accuracy electronic structure 
calculations? for C02 have been performed in the Franck-Condon region 

(i. e. linear Dooh structures) for the lowest singlet excited states: 1 fIg , 11:u-

and 1 ~u' It was shown that in the Franck-Condon region between 120 and J 

170 nm, the nearly overlapping 1 ~u and 11:u - states are involved in 

conical intersections with the 1 fIg state. (This most likely explains the 

irregular, unresolved structure in the first absorption band). Thus, the 
photophysics of C02 is very complex and cannot be described ~ithin the 

" 
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Born-Oppenheimer approximation. Along the bending co-ordinate, the 
electronically degenerate 1 I1g and 1 ~u states split into Renner-Teller pairs 

of 1 A 2 and 1 B 2 symmetry. These are strongly stabilized by bending, as is 

the non-degenerate 1 Lu - state. The, bent 1 B 2 component 9f the ,1 Au state 

has been analyzed (i. e. the carbon monoxide flame bands8) and the OCO 

bond angle was found to be 1220 very strongly bent. 

In this study, we employ the technique of photofragment
translational spectroscopy to study the photodissociation dynamics of C02 

at 157 nm in a molecular beam. The existence of the 0(3p) channel further 

suggests that triplet surfaces must also be involved in the dissociation 
dynamics. The excited states are calculated to be strongly bent and this 
feature should be revealed in the product state distributions. 

Experimental 

The high resolution rotating source photofragment-translation 
spectrometer has been described previously in detail9. A brief description 
follows; a schematic drawing of the apparatus is shown in Figure 1. A 
molecular beam is formed by passing gas through a heatable nozzle,' (1) 
into a source chamber (2), where it was skimmed, passed into a 
differential chamber (3), skimmed again and finally passed into the main 
interaction chamber (4). A pulsed laser crosses the molecular beam at (5), 
which is also the viewing axis of the triply differentially pumped 
quadruple mass spectrometer. Time-of-flight spectra are obtained by 
recording the distribution of arrival times of photodissociation product 
molecules at. the detector. Angular distributions, are obtained by rotating 
the molecular beam about the point (5). 

In high ,resolution photofragment-translational energy spectroscopy, 
It IS important to determine the instrumental response function (i.e. the 
time-response of the instrument to a B-function input). This is best done 
by dissociating a diatomic molecule. In this case, we chose 02 which 
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absorbs well at 157nm ,and has a unit quantum yield for dissociation into 
O(ID) + O(3p) at this wavelength 1 0. This channel has a single kinetic energy 
release of 18.84 kcal/mol. A seeded mixture of 0.5% 02 in He was 
expanded through a 175J..LID. nozzle (at 105°C) and determined to have a lab 

velocity 'of 1.69xl05 cmls with a speed ratio of 13.3. It is important to 
{ 

reduce the effect of this small spread ilJ. beam velocities on the 
determination of the instrumental response function. We chose, therefore, 
the lab frame detection angle which was perpendicular to the molecular 
beam velocity vector in the center-oj-mass Jrame. For 02 photodissociation 

at 157nm and a beam velocity of 1.69xl05 cmls, this corresponds to a lab 
frame detection angle of 52°. In Figure 2, we show a TOF (time-of-flight) 
spectrum for 0 atom recoil at a lab angle of 52°. The narrow peak serves to 
determine the instrumental response function (i.e. the ionizer width) which 
was subsequently used in the analysis of the C02 photodissociation data. 

In an ultrahigh vacuum chamber, such as the detector of the present 
apparatus, the mQst abundant background gases are typically H2 and CO 

which evolve naturally from stainless steel. This means that the detection 

of CO+ (mle=28), 0+ (mle=16) and C+ (mle=12) in a photofragmentation 
experiment is quite difficult. Although we did a considerable amount of 
signal averaging at mle=28 (e.g. over 106 shots) in order to detect 12C 0 
recoil fr~m 12C 0 2 , it was found that the signal-to-noise ratio could be 

improved by orders of magnitude when using isotopically substituted 
carbon - 13C02. In this case, the detected mass is mle=29 and the 

background signal is very small. 

Seeded mixtures of isotopically substituted carbon dioxide (5% 13C02, 

95% He) with a stagnation pressure of 200 torr were expanded through a 
175 J..LID. diameter nozzle, which was heated to 115° C. The expansions were 

typically characterized by a lab velocity of 1.6xI05 cmls and a speed ratio 
of 11. The heated nozzle ensured that no clusters were present. This was 
checked by looking for parent 13C02 molecules recoiling froin the molecular 
beam at small angles: if a cluster, (C02)n , was photodissociated, there 
should be a monomer unit, C02, recoiling from the beam due to 

fragmentation of the cluster. No evidence of cluster formation was found. 
The bending frequency ·of 13C02 in the ground state is rather low (V2=654 
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cm-1) and doubly degenerate. Therefore, at room temperature C02(V2 = 1) 

constitutes around 8% of the ground state population, whereas at 115° e, it 
constitutes about 17%. There may, however, have been some relaxation of 
this mode during the supersonic expansion. 

The 157 nm laser used in this experiment was a Lambda-Physik 
VUV excimer LPF-205. Specifically optimized for operation at 157 nm, it 
was capable of producing over 100 mJ/pulse at 50 Hz with a gas lifetime of 
300,000 shots. These features proved important in a small-signal 
experiment such as photofragment-translational spectroscopy.· The laser 
power was continuously monitored during the experiments by a vacuum
adapted Scientech power meter. The beam path between the excimer and 
the vacuum chamber constituted a copper tube which was evacuated to 
approximately 10-3 torr. A 2" diameter, 50cm f.l. VUV-grade MgF2 lens 

(Janos) was used to focus the excimer output to a 3mm x 5mm spot at the 
interaction region. The copper tube could be isolated and small amount of 
air could be leaked in, providing a simple neutral density filter when it 
was necessary to attenuate the laser. 

The 157 nm excimer laser operated at two narrow VUV lines 
(approx. 10 cm- 1 bandwidth). The main line (85%) lases at 157.63 nm 
(64,440 cm- 1 or 181.34 kcallmol). Do(0 13e···O) was taken to be 171.20 

kcallmol for the O( 1 D) channel and 125.88 kcallmol for the 0(3p) channel 
(i.e. corrected for 13e isotopic shifts)ll. The available energies for the 
various fragmentation channels are given in Table 1. The Newton diagram 
illustrating these center-of-mass recoil energies is shown in Figure 3. The 
lab angles of 10° and 30° were used most frequently in recording the TOF 
spectra as these two angles were most sensitive to the slower and faster 
components, respectively, of the 0(10) translational energy distributions. 
The 0(3p) channel is better resolved at larger angles (30°). 

Time-of-flight spectra consisting of 300,000-1,100,000 co-added 
shots were recorded. Product center-of-mass translational energy 
distributions were extracted using the forward convolution technique9 . 
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Results 

Time-of-flight spectra for the 13CO photofragment at lab angles of 
10° and 30° are shown in Figures 4 and 5 , respectively. Two channels are 
clearly identified. The large, structured feature at later times corresponds 
to the 0(1 D) channel - reaction (1). Definitive evidence for the spin
forbidden 0(3p) channel - reaction (2) - is seen in the small, fast peak at 
early times in Figures 4 and 5. Without making any assumptions about 
internal energy distributions, these two channels were fit to obtain the 
overall product translational energy probability distribution function, P(E), 
for each channel. The 'best fit' P(E) for reaction (l) is shown in Figure 6. All 
the features seen in this P(E) are required in order to fit the data at both 
angles. The 'best fit' P(E) for reaction (2) is shown in Figure 7. Due to the 
poor signal-to-noise ratio for this channel and the compression of the peak 
due to its high lab frame velocity, we were unable to resolve any structure. 
It is clear, however, that the 13CO product is formed with a broad range of 
internal energies. 

In order to obtain the 0(3p)/0(lD) electronic branching ratio, we 
preserved the form of each P(E) while varying their ratio so as to best fit 
the data. We found, as shown in Figure 8, an 0(3p)/0(lD) electronic 
branching ratio of 6 ± 2%, agreeing well with previous results3. This result 

was based upon two assumptions. The first is that the anisotropy 
parameter, 13, describing the angular distribution of photoproducts is 13= 0 

for the 0(1 D) channel, as was obtained using the VUV laser induced 
fluorescence technique5 . The second assumption was that ~=2 for the 0(3p) 

channel, based upon Doppler profile measurements on the 0(3p) product 
atom. However, the analysis which yielded a result of 13=2 rested upon the 

assumption of a single 0(3p) recoil energy. As can be seen from the broad 
distribution in Figure 7, this is clearly incorrect. The assumption of 13=2 for 

the 0(3p) channel needs to be further justified. This is discussed in a 
following section. 

, 
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In order to confirm the fits to the 13 CO recoil data of Figures 4 and 5, 
we measured product TOF spectra for the 160 fragment. Due to 
conservation of momentum in the center-of-mass frame, the 13CO P(E) 
must fit the 160 atom data without adjustment. This is shown in Figure 9. 

'. Unfortunately, due to the higher background, th'e signal-to-noise ratio is 
much worse. Furthermore, the· TOF data are contaminated by a feature 
near 200 IlS which does not trapsform with angle. This. is due to the 
photodissociation of background 02 in the main chamber and is shown 

clearly (with the molecular beam off) in the middle figure. Once the 
subtraction of this background is performed, shown in the bottom figure, 
the momentum matching is satisfactory. 

, 

Most experiments described here were carried out using isotopically 
substituted carbon' dioxide - 13C02. However, in order to ensure that 

isotopic substitution doesn't adversely affect the photodissociation 
dynamics, we also studied normal 12C02' The TOF spectra for 12CO 

(mle=28) recoil are shown in Figure 10, corresponding to lab detection 
angles of 20° (top) and 30° (bottom). It can be seen that, despite the poor 
signal-to-noise ratio, the P(E),s from Figs.6 and 7 fit the data quite well 
without adjustment. This indicates that the product translational energy 
distributions for 13CO recoil from 13C02 and 12CO recoil from 12C02 are quite 

similar. 

In. order to avoid the formation of clusters, the nozzle tip was heated 
to 115°C during the experiments. Due to the doubly degenerate low 
ft:equency bending mode (v2=654 cm-1), there was some 'hot' C02 in the 

molecular beam. In fact, as can be seen in Fig.6, a small contribution from 
C02 (V2 = 1) dissociation is required to match the leading edge of the O( 1 D) 

peak in Figs. 4 and 5 and to account for the slow shoulder of the 0(1 D) peak 
near 240llS in Fig.5. This is discussed further in a subsequent section. To 

demonstrate the effect of C02(V2=1) photodissociation on the TOF data, we 

measured 160 recoil from 12C02 at two disparate temperatures. These are 

shown in Figure 11, corresponding to nozzle temperatures of 25°C (top) 
and 300°C (bottom). In the top figure, the data are fit using the P(E) from 
Fig.6. The fit is quite good, indicating that the fraction of 'hot' C02 in the 
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beam has not decreased much as: compared with 115°C. The leading edge 
corresponds to the formation of co (v::{) , J) from C02(V2=1), whereas the 

small peak near 150llS corresponds to the formation of CO(v=l, J) from 
C02(V2=1). WheIJ the nozzle temperature is increased to 30QoC, shown in 

the bottom of Fig.ll, the fit is not as good. It can be seen that the leading 
edge of the data is now too fast and that the small peak near 150llS 

appears too small. This is consistent with greater concentrations of 
C02(V2=1) in the expanded beam. We suspect that there is significant 

relaxation of the 'hot' molecule in the beam expansion. As the excited state 
is strongly bent, the Franck-Condon factors for C02(V2=1) should be much 

greater that for C02(V2=O) and, therefore, the former should contribute 

disproportionately to the TOF data. As can be seen, this contribution is 
small and therefore we suggest that the concentration of C02(V2=1) in the 

fully expanded beam is minimal but not negligible. 

Discussion 

Q!?P) . Channel Anisotropy Parameter 

In order to obtain the O(3p)/O(lD) electronic branching ratio, the 
anisotropy parameters, (3, must be well known for each channel. The (3-
parameter -for O(3P) recoil was suggested to be (3=2 by a fit to a Doppler 

profile in a collinear pump-probe configuration4 . However, as both the 
anisotropy and the translational energy distribution contribute to the 
Doppler lineshape, it is not possible to unambiguously determine the (3-

parameter with a single pump-probe configuration. The assumption of a 
single O(3P) recoil energy is not a good one. We wondered if the Doppler 
profile shown in Fig.3 of reference 4 could also be fit with a' smaller (3-

parameter and a larger spread of translational energies. Since we 
measured the translational energy distribution for O(3p) recoil (Fig.?) we 
can reconstruct a Doppler lineshape for a given choice of (3-parameter. 

/' 
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In a collinear pump-probe configuration, the Doppler lineshape 
function for a single kinetic energy would appear as a rectangle for the 
case of 13=0 and an inverted parabola for the case of J3=2. In Fig.7 we have a 
point-wise representation of the translational energy distribution, P(E), for 
the 0(3p) channel. After transforming P(E) into a velocity distribution P(v), 
using the Jacobian E1I2 , we can do a point-wise transformation of the P(v) 
into a Doppler lineshape in order to allow comparison with Fig.3 of 
reference 4. In the case of J3=0, each point of the P(v) transforms into a 

rectangle with width proportional to the kinetic energy represented by 
that point. The overall line shape , therefore, would be a weighted sum of 
rectangles. In the case of J3=2, each point of the P(v) transforms into an 
inverted parabola. The overall lineshape in this case would be a weighted 
sum of inverted parabolas. 

In order to compare with Fig.3 of reference 4, we consider the case of 
fine structure transitions originating from the 0(2p 3pj "=2) state. The 
relative two-photon transition strengths to the 0(3p 3pj') excited states 
(where j' = 0,1,2) have been determined previously12. 

For the case of 13=0, the derived Doppler linesh,!pe (a weighted sum 
of rectangles) in shown in Figure 12. For the case of J3=2, the derived 

Doppler lineshape (a weighted sum of inverted parabolas) in shown in 
Figure 13. By comparison with the measured Doppler lineshape of 
reference 4, r:etraced in these figures as a 'narrow solid line, we see that 
the assumption of J3=0 leads to an overall width that is much too broad. By' 
contrast, the assumption of J3=2 leads to an overall width very similar to 
that in Fig.3 of reference 4. We therefore confirm that the J3-parameter for 
the 0(3p) channel should be close to a value of J3=2. 

An anisotropy parameter of 13=2 for the spin-forbidden 0(3p) channel 
is suprising. In contradistinction, an anisotropy parameter of 13=0 was 
measured for the spin-allowed 0(1 D) channel and rationalized on the basis 
that the molecule bends strongly in the excited state before dissociating. A 
value of 13=2 for the 0(3p) channel connotes two conclusions. The first is 

that the 0(3p) channel must arise from a direct transition to an excited 
triplet state and not from a complex surface-hopping trajectory originating 
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on an excited singlet surface3. Were the latter to be the case, the 
anisotropy parameter would be the same for both channels - i.e. (3=0. The 

second conclusion is that the dissociation on the triplet surface must be 
direct and that the molecule hardly bends during the dissociation. If the 
molecule were to bend significantly, the' (3-parameter would be reduced 

from the limiting value of two. 

QLID) Channel Assi~nment 

The total P(E) for the 0(10) channel is shown in Fig.6. The highest 
energy peak, near 12 kcal/mol, corresponds to the formation of CO(v=O) 
from dissociation of the 'hot' C02(V2=l) molecule. This peak is required in 

order to match the leading edge of the 0(10) TOF spectrum in Figs.4 and 5. 
The second (at 10 kcal/mol) and third (at 8 kcal/mol) highest energy 
peaks in Fig.6 correspond to the formation of CO(v=O) from the 'cold' 
C02(V2=0) molecule: the second arises from the, large, narrow feature near 

190 JlS in Fig.5, whereas the third arises from the small shoulder near 210 
JlS. This 'double-peak' structure in Fig.6 is related to the rotational energy 

distribution of the CO(v=O) product. This will be discussed below. The 
fourth peak in Fig.6 (near 6 kcal/mol), corresponding to the slow, broad 
shoulder near 240 JlS, is due to the formation of CO(v=l) from the 'hot' 

molecule, C02(V2=1). As can be seen from the Newton diagram ·of Fig.3, 

CO(v=l) product from the 'cold' molecule cannot arrive at the 30° lab angle 
of Fig.5. 

Referring now to Fig.4 (10° lab angle), the first shoulder of the 0(10) 
TOF spectrum, near 145 JlS, originates from the compression of the four . 

above-mentioned peaks in the P(E) of Fig.6. The largest feature, near 200 
JlS, corresponds to the formation of CO(v=l) from the 'cold' molecule 

C02(V2=0), as does the small shoulder near 240 JlS time-of-flight. 

Analogously, the 'double-peak' feature is related to the rotational 
distribution for CO(v=l) product. This small second peak in the CO(v=O,l) 
P(E),s would correspond to a maximum at high J in the rotational energy 

.. 
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distribution. Such a phenomenon is not unprecedented and has been 
interpreted in terms of rotational rainbow scattering 13. This is plausible 
since the excited state is known to be strongly bent; furthermore, it is 
consistent with the measurement of f}=0 for the 0(1 D) channel5. 

Due to the overlap of the peaks in the P(E) of Fig;6, we are not able to 
unambiguously obtain vibrational distributions and rotational envelopes 
for the CO product in the O( 1 D) channel. We can, however, compare our 
results with the full IV,J> product state distributions as given in reference 
5. This will be discussed in a subsequent section. As a preliminary, we can 
check our assignment of the peaks in Fig.6 by artificially dividing the P(E) 
into three components: (I) a 'cold' molecule CO(v=O), (2) a 'cold' molecule 
CO(v=I) component, and (3) a 'hot' molecule contribution, as shown in 
Figure 14. By assuming rotational distributions for v=O and v=I and a 'best 

" 

fit' vibrational branching ratio, we can check our assignments. The 
component-wise fit to the 10° data is shown in Figure 15 (top), and for 30° 
(bottom). Although the form of each component P(E) is not unique, they 
have the constraint that their sum must fit the data at both angles. As can 
be seen, the total fit is very good. 

The dotted line in Fig.I5 (top) corresponds to the formation of 
CO( v=O) while the dasheq line shows the CO( V= I) product. The dot-dash 
line shows the 'hot' molecule contribution (forming two peaks, CO(v=O) and 
CO(v=l). The 'hot' molecule contribution was assumed to be 10% here. 
Were it much greater than this, the leading edge of the data would not 
match. It is seen that the shoulder near 220 JlS in Fig.15 (top) arises from 

the shapes of the rotational envelopes. For the purposes of this simulation, 
a vibrational branching, ratio, CO(v=O)/CO(v=l) = 1.13 was used. This ratio, 
however, depends strongly on the assumed forms of the rotational 
envelopes and cannot, therefore, be taken, to be conclusive. 

The dotted line in Fig.15 (bottom) again corresponds to the' CO(v=O) 
product. The CO(v=l) product from the 'cold' molecule doesn't arrive at this 
angle,_ (see Fig.3). The 'hot' molecule contribution, the dot-dash line, 
accounts nicely for both the leading edge of the data (i.e. forming CO(v=O» 
and the slow shoulder near 240 JlS (i. e. forming CO(v=l). 



We conclude that our assignments of the peaks in the 0(10) P(E) 
shown in Fig.6 is reasonable. 

CO(vJ> Product State Distribution 

The CO ro-vibrational product state distributions have been 
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measured by the pump-probe technique using VUV laser induced 
fluorescence5. The rotational distributions for the CO(v=O) and CO(v=l) 
product from reference 5 are reproduced here in Figure 16, as (top) and 
(bottom), respectively. The vibrational branching ratio was measured to be 
CO(v=O)/CO(v=l) = 3.7 ± 1.2. Using these data, due to conservation of 

energy, we can transform the CO product ro-vibrational distributions into a 
product translational energy distribution with which we can compare our 
time-of-flight data. 

We need to transform each rotational energy distribution, P(J), into a 
translational energy distribution, P(E), and weight each according to the 
vibrational branching ratio. The sum of these derived P(E),sshould fit our 
data. In order to transform from P(J) to P(E), we' must obtain the Jacobian 
for this. transformation: 

(6) 

(7) 

(8) 

E(J) = BJ(J+l) 

P(E)dE = P(J)dJ 

P(E) = P(J)/[B(2J+l)] 

dE/dJ = B(2J+l) 

P(E) = dJ/dE P(J) 

The factor, 1I[B(2J+l)], is the transformation Jacobian. This is 
equivalent to assigning all continuum states between Jo and Jo+ 1 to the 
state IJo>. The probability of continuum states, P(E), is therefore weighted 
inversely by the size of the interval between Jo and Jo+ 1 (which increases 
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linearly with J). The result of the transformation of Eq.8 is shown in Figure 
17 (top) for CO(v=O) and in Figure 17 (bottom) for CO(v=l). It can be seen 
that, due to the increasing interval between In and In+ 1 ' the high J states 
contribute much less to the P(E) than the low J states. Using a vibrational 
branching ratio of 3.7, we can now compare directly with our TOF data 
without further assumptions. 

In Figure 18 (top), we superimpose the derived P(E),s on our 10° TOF 
data. The fit is not that good. We note that the CO(v=O) product, shown as 
the dotted line, is weighted too heavily. The magnitude of the vibrational 
branching ratio should be reduced. We can also see how the CO(v=O) 
product at large J gives a second peak in the TOF spectrum, as discussed 
earlier (rotational rainbow). In Figure 18 (bottom), the derived P(E)'s are 
superimposed on the 30° TOF data. (Only CO(v=O) arrives at this angle). It 
is seen that the rotational envelope for the CO(v=O) product is too narrow. 
This may suggest that there is an excess of population in the lowest J states 
of the pump-probe experiment measured by VUV laser induced 
fluorescence. Indeed, this was proposed in reference 5 and it was 
speculated that the excess population in the lowest J states originated from 
C02 clusters in the beam. We also note that the leading edge of the 30° data 

in Fig.18 is too fast. This is because we have not yet included any 
contribution from the 'hot' molecule present in our. experiment due to our 
heated nozzle. Likewise, the slow shoulder near 240 JlS should be 

accounted for by the 'hot' molecule. 

Following the suggestion in reference 5 that there is excess 
population in the very lowest J states, we reduced the weighting of the 
corresponding two highest energy points .in the derived CO(v=O) P(E) of 
Fig .16 (top), leaving all other points unchanged. This "reduced -low J" 
translational energy distribution is shown in Figure 19 (top). We . 
superimpose this P(E) on our 30° data in Figure 19 (bottom). The fit is 
much improved, although the 'hot' molecule contribution is still missing. 

In order to obtain our best estimate of the CO(v=O)/CO(v=l) 

vibrational branching ratio for the O( 1 D) channel, we used three channels 
in the fit: (1) the "reduced low J" CO(v=O) translational energy distribution 
of Fig.19; (2) the unaltered CO(v=l) translational energy distribution of 
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Fig.I7; and (3) a generic 'hot' molecule contribution as shown in Fig.14 
(bottom). Keeping these forms for the P(E),s, we used a non-linear least 
squares routine to obtain the relative weighting which best fits the data. 
The best fits are superimposed on the TOF data in Figure 20, for 10° (top), 
and for 30° (bottom). With a fit of 13% to the 'hot' molecule contribution, 
we obtain our best estimate of the vibrational branching ratio, 
CO(v=O)/CO(v=l) = 1.9 for the O(ID) channel. This is smaller than the lower 
bound of this branching ratio from the VUV laser induced fluorescence 
experiment. 

Conclusion 

The photodissociation of 13C02 at 157 nm was studied by the 

photofragment-translational spectroscopy technique. The existence of the 
spin-forbidden O(3p) channel was confirmed and a translational energy 
distribution, P(E), was obtained. A much larger, structured signal, due to 
the CO(v=O,l) + O(ID) channel, was also observed and a P(E) was obtained, 
relating to the ro-vibrati0!lal energy distributions in the CO product. The 
accuracy of the P(E)'s was checked by measuring time-of-flight spectra for 
the momentum-matched 160 recoil partner. The molecule 12C02 was also 

studied and it was shown that isotopic substitution does not adversely 
affect the reaction dynamics. The influence of excitation of the C02(V2) low 

frequency bending mode was investigated by varying the temperature of 
the nozzle and was shown to have a small but not negligible contribution. 

With assumptions of ~ = 2 for the 0(3p) and ~ = 0 for the O(ID) 
channel anisotropy parameters, an electronic branching ratio of 6% ± 2% 

O( 3p) was obtained, agreeing well with previous results. Th~ translational 
energy distribution for the CO(v) + Oep) channel was very broad (ov~r 
30kcallmol) and appeared to peak near CO(v=O). The previous 
determination of the anisotropy parameter for this channel rested upon 
the unfair assumption of a single recoil' energy. We independently 
confirmed the value of the anisotropy parameter by deriving Doppler 
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lineshapes based on our peE) for two choices of ~, namely 0 arid 2. We 
found that a choice ~ = 0 yielded a Doppler linewidth that was much 

broader than the previously measured line profile of reference 4. A choice 
~. =.2 gave a linewidth which compared favourably with that of reference 

4. We conclude, based on their very different anisotropy parameters, that 
the 0(3p) and O(ID) products arise from different electronic transitions. 
Furthermore, the process yielding 0(3p) must be a direct dissociatiori in 
which the excited molecule hardly bends. 

The peE) for the O( 1 D) channel shows· considerable strucure. Two 
peaks were identified relating to the formation of CO(v=O) and CO(v=l) 
from the 'hot' C02(V2=1) molecule. Translational energy distributions for 

the formation of CO(v=O) and CO(v=l) from the 'cold' C02(V2=O) molecule 

were identified and discussed. These distributions showed a secondary 
feature relating to a maximum in the rotational energy distribution (i. e. 
rotational rainbow effect). Unfortunately, due to peak overlap, we were not 
able to unambiguously obtain vibrational branching ratios and rotational 
envelopes. The assignment of the peaks in the O(ID) peE) was checked by 
constructing a component-wise fit to the overall lineshape, based on the 
well known energetics for the channels. 

Product rotational distributions for CO(v=O) and CO(v=l), as 
presented in reference 5, were transformed into translational energy 
distributions to allow for comparison with our TOF data. It was found that 
the magnitude of the vibrational branching· ratio need to be reduced· 
somewhat to fit our data. Furthermore, we suggest that there was an 
excess of population in the lowest J states for CO(v=O). Our best estimate of 
the vibrational branching ratio for the O(ID) channel is CO(v=O)/CO(v=l) = 

1.9, smaller than the previously reported value. 

We hope that these studies stimulate further investigations into the 
compex photochemistry of this simple molecule. Detailed ab' initio studies 
of non-adiabatic effects in the excited states, including the effect of singlet
triplet interactions, will be valuable. 
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TABLE 1: 13C02 ENERGETICS FOR 157.6 run PHOTOOISSOCIATION 
, 

PARENT PROOUcr ENERGY A V AJLABLE 

13C02(V2 =0) 13CO(v=O) + 0(3p) 55.458 kcallmol 
, 

13CO(v=1) + 0(3p) 49.467 kcallmol 
13CO(v=2) + 0(3p) 43.548 kcallmol 
13CO(v=3) + 0(3p) 37.701 kcallmol 
13CO(v=4) + 0(3p) 31.928 kcallmol 

13C02(V2 =0) 13CO(v=O)+ 0(10) 10.142 kcallmol 

13CO(v=l) + 0(10) 4.15l kcallmol 

13C02(V2 =1) 13CO(v=O) + 0(10) 12.011 kcallmol 

13CO(v=l) + 0(10) 6.020 ·kcallmol 
13CO(v=2) + 0(10) 0.101 kcallmol 
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Table Captions 

Table 1: The available translational energies of the fragmentation channels 
for C02 dissociation at 157.63nm. The Oep) and O(ID) channels are given, 

as well as the O(ID) channel for dissociation of the 'hot' molecule. 

Fia:ure Captions 

Figure 1: A schematic drawing of the photofragment spectrometer. (1) 

heated molecular beam nozzle, (2) source chamber, (3) differential 
chamber, (4) main chamber, (5) laser interaction point, (6) ionizer,' (7) 
quadrupole mass spectrometer, (8) detector. 

Figure 2: A time-of-flight distribution for 02 photodissociation at 157nm. 

At a lab frame angle of 520 (perpendicular to the molecular beam velocity 
vector in the center-oj-mass Jrame) the narrow, single kinetic energy 
release peak serves to determine the instrumental response function 
which was used in all subsequent convolution. 

Figure 3: Newton diagram showing the relationship between lab frame and 
center-of-mass frame velocities for C02 -+ CO(v) + 0(3p,ID) at 157nm. The 

lab frame velocity of the beam is given by the bold arrow, as indicated. 
Product CO recoil velocities are shown as circles centered at the tip of the 
arrow. 

Figure 4: A time-of-flight distribution at a lab angle of 100 for the 13C 0 
fragment from 13C02 photolysis at 157nm. The two electronic channels, 

0(3p) and 0(10) , are. indicated. The solid line shows the fit to' the 0(1 D) 
channel whereas the dashed line shows the fit to the 0(3 P) channel. 

Figure 5: A time-of-flight distribution at a lab angle of 300 for the 13C 0 j 

fragment from 13C02 photolysis at 157nm. The two electronic channels, 

0(3p) and O( I D) , are indicated. The solid line shows the fit to the 0(1 D) 
channel whereas the. dashed line shows the fit to the 0(3p) channel. 

Figure 6: The translational energy distribution, peE), for the 13 C02 -+ 
13CO(v) + O(ID) channel used to fit the large feature in Figs.4 and 5. The 
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thresholds for the formation of eO(v=O) and eO(v;::;l) from both the 'hot' 
and 'cold' C02 molecule are indicated. 

Figure 7: The trarislational energy distribution, P(E), for the 13e02--+ 

13eO(v) + 0(3p) channel used to fir the small, fast feature in Figs.4 and 5. 
The thresholds for the formation of various CO vibrational states are 

. indicated. It is seen that the distribution of internal energies is very broad. 

Figure 8: A time-of-flight distribution at a lab angle of 30° for the 13e 0 
fragment from I3e02 photolysis at 157nm, showing in greater detail the 

electronic channel 0(3p).' The solid line shows the fit to the 0(3p) channel
using the P(E) of Fig.7. We estimate the electronic branching ratio to be 6% 
± 2% 0(3p). 

Figure 9: (top) A time-of-flight spectrum for the 160 recoil partner at a lab· 
angle of 30°. The data are contaminated by a background peak near 200 
JlS. (~ddle) A time-of-flight spectrum showing the 160 background with 
the molecular beam off, due to 02 --+ O(ID) + 0(3p) in the main chamber. 

This signal is independent of angle. (bottom) A time-of-flight spectrum for 
the 160 recoil partner at a lab angle of 30° with the background subtracted. 
The momentum-matching is good, confirming the accuracy of the P(E) in 
Fig.6. 

Figure 10: (top) A time-of-flight distribution at a lab angle of 20° for the 
I2eo fragment from I2e02 photolysis at 157nm.(bottom) A time-of-flight 
distribution at a lab angle of 30° for the 12eo fragment from I2e02 
photolysis at 157nm. Using the P(E) from Fig.6 for 13e02 photolysis, we see 

that the dynamics are not much affected by isotopic substitution. 

Figure 11: (top) A time-of-flight distribution at a lab angle of 30° for the 
12eo fragment from I2e02 photolysis at 157nm with a nozzle temperature 

of 25°C. We note that the fit is quite good, indicating that the concentration 
of 'hot' e02(V2=1) molecule in the fully expanded is close to that at 115°C. 

(bottom) A time-of-flight distribution at a lab angle of 30° for the I2e 0 
fragment from I2e02 photolysis at 157nm with a nozzle temperature of 

300°C. The fit is not as good, indicating that the concentration of 'hot' 
e02(V2=1) molecule in the fully expanded is greater than at 115°C. We note 
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In particular that the leading edge of the data is now too fast, indicating a 
greater contribution from C02(V2=1). 

Fi&ure 12: A Doppler lineshape for two-photon O(3pj"=2) detection 

constructed from the translational energy distribution of Fig.7 with an 
anistropy parameter /3=0. By comparison with Fig.3 of reference, 4. retraced 

here as the narrow solid line, we conclude that the overall linewidth of our 
construction is too broad, and that the /3-parameter for the Oep) channel 

must be greater than zero. 

Fi&ure 13: A Doppler . line shape for two-photonO(3Pj "=2) detection 

constructed from the \ translational energy distribution of Fig.7 with an 
anistropy parameter /3=2. By comparison with Fig.3 of reference 4. retraced 

here as the narrow solid line, we see that the overall line width of our 
construction is quite similar to the measurement and, therefore, the /3-

parameter for the O(3p) channel must be close to two. 

Fi&ure 14: A decomposition of the overall P(E) for 0(10) formation of Fig.6 
into components. Although the detailed shape of each P(E) cannot be 
uniquely determined, their energetic thresholds are very well known and 
,their sum is ,constrained to be identical to the overall P(E). This helps to 
assign the various bumps in the overall P(E) of Fig.6. Shown are P(E),s for 
the formation of CO(v=O), top, CO(v=l). middle, and a generic 'hot' molecule 
contribution, bottom. 

Fi&ure 15: (top) A 'component-wise' fit using the P(E)'s of Fig.14 at a lab 
angle of 10° for the 13CO fragment. The dotted line represents CO(v=O). the 
dashed line represents CO(v=l) and the dot-dash line shows the 
contribution from the 'hot' molecule. (bottom) A 'component-wise' fit USIng 
the P(E)'s of Fig.14 at a lab angle of 30° for the 13CO fragment. Again, the 
dotted line represents CO(v=O) and the dot-dash line shows the 
contribution from the 'hot' molecule. 

Fi&ure 16: (top) The rotational distribution for CO(v=O) in the 157nm 
photolysis of C02. (bottom) The rotational distribution for CO(v=l) in the 
157nm photolysis of C02. [from reference 5] 
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Fi~ure 17: (top) The transformation, as discussed in the text, of the 
rotational distribution for CO(v=O) from Fig.16 into a translational energy 
distribution. (bottom) The transformation, as discussed in the; text, of the 
rotational distribution for CO(v=l) from Fig.16 into a translational energy 
distribution. 

Fi&ure 18: (top) A fit at a lab angle of 30° for the 13CO fragment from 13C02 

photolysis to the P(E)'s from Fig.17 using a vibrational branching ratio of 
3.7 (from reference 5). (bottom) The same fit at a lab angle of 10° for the 
13CO fragment from 13C02 photolysis. 

Fi&ure 19: (top) The probability of two highest energy points in the 
CO(v=O) P(E) of Fig.17 are reduced so as to decrease the effect of the excess 
population in the lowest J states discussed in the text. All other data points 
in the P(E) remain unaltered. (bottom) Using the 'reduced low l' P(E) from 
above, the fit to the 30° data is improved. 

Fi&ure 20: (top) for 10°. Using the 'reduced low l' CO(v=O) P(E) from Fig.19 
with the CO(v=l) P(E) from Fig.16 and a generic 'hot' molecule contribution 
as shown in Fig.14. A least-squares fit yields a 13% 'hot' molecule 
contribution and our best estimate of the vibrational branching ratio for 
the O(lD) channel is CO(v=O)/CO(v=l) = 1.9. (bottom) same for 30°. 
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