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Measurement of the absolute yield of CO „a 3P…1O products
in the dissociative recombination of CO 2

1 ions with electrons
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A flowing-afterglow technique is described for measuring the absolute yield of a radiative product
state from ion–electron recombination. The technique is applied to CO2

11e2 dissociative
recombination. The measured yield of CO(a 3P)1O(3P) is 0.2960.10. This includes cascade
from higher triplet states of CO. The vibrational distribution in CO(a 3P,v50 – 3) is
approximately Boltzmann, with an effective temperature of 42006300 K. The measured rate
constant for quenching of CO(a) by CO2 is (1.060.2)310211 cm3 s21, somewhat lower than
previous measurements. ©1998 American Institute of Physics.@S0021-9606~98!03020-7#
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I. INTRODUCTION

Gas-phase recombination of cations and electrons is
portant in many energy-rich systems such as planetary io
spheres, laser plasmas and in plasma-induced vapor de
tion on surfaces.1–5 For molecular ions, the measure
neutralization rate coefficients are extremely large, often
the order of 1027 or 1026 cm3 molecule21 s21. Much less is
known about the products of this process, but dissociatio
the energy-rich neutral intermediate is expected.6–8 Initial
data have recently been obtained, using laser-indu
fluorescence,9,10 emission spectroscopy,11,12 and kinetic en-
ergy analysis13,14 to identify the resulting fragments and, i
suitable cases, to measure their absolute yields.

Light emission from electronically excited fragments
of particular interest because it can, in principle, be app
to remote sensing of the parent ion in practical environme
The dissociative recombination of CO2

1 ions

CO2
11e2→CO1O~3P,1D,1S! ~1!

can give rise to a range of excited states of CO, includ
a 3P, v,12, a8 3S1, v,11, d 3D, v,6, e 3S2, v,3,
A 1P, v,2, andI 1S2, v,2, these limits applying to re
combination of the2P3/2 ground state of CO2

1 with forma-
tion of O(3P). Figure 1 shows potential-energy curves f
relevant electronic states of CO. Emission from CO2

1 disso-
ciative recombination has been observed from both sin
and triplet states of CO. From a study of CO(A 1P –X 1S1)
uv emission, Gutchek and Zipf16 deduced a branching frac
tion of 0.05 for CO(A 1P) formation. Wauchop and
Broida17 and Taieb and Broida18 studied CO(a 3P –X 1S1)
emission from discharged He1CO2 in a flowing afterglow.
Taking account of the long radiative lifetime,19,20 7.5 ms, of
CO(a 3P), they deduced a branching fraction of 0.55 f

a!Current address: Institute of Electronic Structure and Laser~IESL!,
Foundation for Research and Technology-Hellas~FORTH!,
Heraklion 71110 Greece.
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CO(a 3P) formation. They also reported emission from
few vibrational levels of thea8 3S1, d 3D, and e 3S2

states but the extremely small branching fractions which t
derived for these states, 0.008 ford 3D and 431024 for
a8 3S1, are probably not reliable, being based on an inco
plete spectrum.17

Different conclusions were reached in a recent emiss
study by Tsujiet al.21 of the reactions of CO2 in a He after-
glow. They report relative intensities of emission from all t
above-mentioned states. Thea8 andd states were the stron
gest emitters and they conclude that the yield ofA 1P is
smaller than 0.0033. Only about 1% of CO(a) emitted
within their observation region. However, they estimated
relative formation rate of this state and concluded that i
populated principally bya8→a andd→a cascade emission
The implication of their conclusions is that, of these fi
excited states, only two, thed and a8, states are populate
initially to an appreciable extent.

In the present study, we have measured the abso
branching fraction for CO(a 3P) formation in the CO2

1

1e2 reaction and have obtained a value which is com
rable to, but smaller than, that of Wauchop and Broida. T
value is the sum of direct formation of the CO(a) state and
contributions from cascade from the higher triplet states.

The experimental procedure was similar to that adop
in our recent LIF study10 of the absolute OH yield from the
dissociative recombination of H3O

1 ions. We determined the
absolute intensity of CO(a 3P) emission produced by the
recombination of a known concentration~or flux! of CO2

1

ions by means of a calibration technique utilizing reactio
with a known branching fraction into emitting states. Tw
sequences were examined.

Firstly, the well-characterized Penning ionization rea
tion of He* (2 3S) metastable atoms with N2

He*1N2→N2
1~B 2Su

1!1He1e2 ~2a!

→N2
1~X 2Sg

1 , A2Pu!1He1e2 ~2b!
0 © 1998 American Institute of Physics
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was used, which has a branching fraction22 for channel~2a!
of 0.4160.04. The procedure was to monitor the electr
density using a Langmuir probe, and the N2

1(B–X) emission
signal.

In the second calibration method, two reactions
Ar* (3P2) metastable atoms were monitored

Ar*1NO→Ar1NO11e2 ~3!

for which the branching fraction23,24 is 0.3560.10; and

Ar*1N2→Ar1N2~C 3Pu! ~4!

for which the branching fraction25,26 is 0.8060.20. Electron-
density measurements for reaction~3! yielded the flux of Ar*
metastables. The N2(C–B) emission signal then provide
the absolute calibration of the photon detection system.

Although the He*1N2 approach appears to be more d
rect, the data analysis was somewhat more involved than
the second sequence and the calibration somewhat less
cise. We therefore preferred the latter route. However, res
obtained using the He*1N2 calibration reaction proved to b
consistent, within the experimental error limits, with tho
obtained from the preferred sequence.

II. EXPERIMENT

The flowing afterglow system has been described fu
elsewhere.10 For this experiment, two separate discharge
gions, upstream of the entrance to the 3 cm radius, stain
steel flow tube, were used. Pure He was passed throu
microwave discharge. The resulting mix of He* metastables
and He1 ions was converted, by Ar addition, to an Ar1/e2

plasma. CO2 was added downstream through a movable

FIG. 1. Potential energy curves of CO, adapted from Ref. 15. The do
line indicates the maximum internal energy available to CO from disso
tive recombination of ground state CO2

11e2.
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jector to convert Ar1 rapidly to CO2
1 ions. For the He*1N2

experiments, an analogous technique was employed, ex
that no Ar was added.

For the studies of the Ar*1N2 and NO reactions, pure
Ar was passed through a dc discharge. The reagent
added, as before, through the movable injector. In orde
maximize the Ar* density, He gas was added downstream
the discharge. In all experiments, the total gas pressure
between 0.8 and 1.1 Torr and the mean flow velocity w
approximately 2500 cm/s. The mole fraction of Ar was abo
0.15 in the CO2

11e2 system and about 0.6 in th
Ar*1N2,NO studies. He* , Ar* , and Ar1 concentrations
were in the range: 13109 to 531010 cm23. The concentra-
tions of the stable reagents were 1012 to 531014 cm23.

The electron density along the flow tube was measu
by a movable Langmuir probe. In general, this was po
tioned on the tube axis; however, it could be rotated to m
sure the density off-axis. The operation of the Langm
probe has been described previously;27 it yields absolute lo-
cal concentrations of electrons.

Emission was collected in a direction perpendicular
the tube axis through a quartz window, which extends m
of the length of the flow tube. An assembly consisting o
baffled collimator~which included a collimating lens!, 0.2 m
monochromator~Acton VM-502! and uv-sensitive photo
multiplier ~EMI 9789Q! was moved along a rail to collec
emission as a function of position along the tube~z direc-
tion!. The field of view of the detection system was appro
mately a rectangle, 0.4 cm width~along thez direction! and
1 cm high at the center of the flow tube. The monochroma
slit width was 150mm for all experiments: this correspond
to a spectral resolution of 0.6 nm. The photomultiplier w
used in a pulse-counting mode and the output signal
processed by a lab computer. The spectral response o
detection system was measured between 200 and 400
using a calibrated D2 lamp.

The principal measurements are of the electron den
and the emission signal as a function ofz. It was considered
critical to understand the observed behavior in terms of
chemical reactions involved and diffusion~radial and axial!
of all species. As described previously,10 the continuity equa-
tion, including diffusion, was solved numerically over a gr
with a step size of 1 mm in both the radial and axial dire
tions. The chemistry was initiated by ‘‘addition’’ of CO2
reagent at a singlez value. To represent the loop injector, th
addition was limited to a ring-shaped region of suitable
dius and thickness. The reagent spread radially by diffus
only: no ‘‘jetting’’ was incorporated into the simulation. Fo
typical flow conditions, the simulations showed that app
ciable radial mixing~with concentration on axis equal t
about one-half of the reagent concentration for compl
mixing! was achieved 2–3 cm downstream of the loop. T
interference to the carrier gas flow caused by the injec
loop was also ignored. The following chemical process
were included:

Ar11CO2→CO2
11Ar,

k15~6.061.5!310210 cm3 s21 ~Refs. 28, 29!, ~5!

d
-



b

u-
e

e

th

io

lin

d

he
.
t
n
c-

e
n
s

nt
re

eg-

dard

nse

c-
ec-
ed
a

he

ng

nal
em-
d
.
on,

he

ree

re-

8402 J. Chem. Phys., Vol. 108, No. 20, 22 May 1998 Skrzypkowski et al.
CO2
11e2→ CO~a!1O, k2a

→ other products,k2b , ~6!

with k25k2a1k2b5~3.060.5!31027 cm3 s21

~Refs. 30, 31!,

CO~a!→CO~X!1hn, k35133618 s21

~Refs. 19, 20!, ~7!

CO~a!1CO2→products, k4 . ~8!

Quenching of the long-lived CO(a) state by Ar and He is
very slow32 and could be neglected. However, quenching
CO2, process~8!, is significant. Previous measurements32

have given a range of values ofk4 from 1.2 to 4.1
310211 cm3 s21, with a ‘‘recommended’’ value of 1.7
310211. The values ofk1 , k2 , and k4 were varied in the
simulations to obtain the best fits to the observedz depen-
dences of the electron densities and of the CO(a–X) emis-
sion intensity. The simulations also required input of diff
sion coefficients for the relevant species. Publish
values33–35of diffusion coefficients~in He and Ar buffer gas!
for Ar1, CO2, and CO2

1 were used. An experimental valu
for CO(a) in He is also available.35 For CO(a) in Ar, the
diffusion coefficient was estimated by analogy wi
N2(A

3Su
1) in Ar and Cl(2P) in Ar ~Refs. 36, 37!; the ef-

fective diffusion coefficient of CO(a) was varied in the
simulations. The simulations were carried out withk2a

5k2 . Comparison of the results with the measured emiss
intensity yielded the branching fraction for CO(a) forma-
tion.

High-purity He~99.997%! and Ar ~99.998%! were puri-
fied further by passage through cold traps in the gas hand
system. CO2 ~99.8%! and N2 ~99.998%! were used without
purification. NO was purified by passing it through a so
lime trap, as described previously.10

III. RESULTS

A. CO„a – X… emission from recombination of CO 2
1

When CO2 was added to a stream of Ar1 ions and elec-
trons, CO(a–X) emission was observed in the region of t
reagent inlet and extending more than 10 cm downstream
typical spectrum measured 4 cm downstream of the inle
shown in Fig. 2. All features could be assigned to transitio
from CO(a,v50 – 4); the absence of emission from ele
tronically excited CO1 and CO2

1 indicates38 that essentially
no He1 ions or He* metastables remain in the flow at th
point where the CO2 is added. To verify that the emissio
does indeed arise from dissociative recombination, trace
SF6, an efficient electron-scavenger,39 were added with the
CO2. In the concentration range@SF6#51–331012 cm23, the
CO(a–X) intensity 1 cm downstream of the injection poi
was reduced by approximately 90%. Part of this small
maining signal is due to reaction of Ar(3P) metastables in
the flow, at approximately 10% of the Ar1 concentration:40

Ar* ~3P!1CO2→Ar1CO~a 3P!1O, ~9!
y

d

n

g

a

A
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-

which has a branching fraction41 of 0.1660.08. The influ-
ence of this small contribution to the CO(a 3P) signal is
discussed in Sec. IV.

Spectra were obtained over a range of CO2 concentra-
tions 231013 to 3.431014 cm23. No significant change in
the relative intensities of the bands was seen, indicating n
ligible vibrational relaxation of CO(a,v8) by CO2 under our
conditions. The vibrational distribution,Nv8 , in the CO(a)
state was determined by analyzing the spectrum in stan
fashion

I v8v9}Nv8• qv8v9•nv8v9•
3 Rev8v9

2 , ~10!

where I v8v9 is the integrated~over wavelength! v8v9 band
intensity in counts/s/nm, corrected for the spectral respo
of the detection system,qv8v9 is the Franck–Condon
factor,42 nv8v9 is the transition frequency and Re is the ele
tronic transition moment. All bands in the observed sp
trum, excepting those which were very weak, were includ
in the analysis. Comparison of different bands arising from
given CO(a,v8) level indicated a weak dependence of t
electronic transition moment on ther centroid of the transi-
tion; this effect was included in the analysis. The resulti
vibrational distribution for levelsv850 to 3 is 0.49
60.01:0.2560.01:0.1760.01:0.1060.01. The population
clearly decreases monotonically with increasing vibratio
quantum number and can be described by a vibrational t
perature of 42006300 K. Weaker emission was observe
from higher vibrational levels of CO(a), as described in Sec
IV C. In the remaining experiments described in this secti
the monochromator was set to the peak of the~0,1!
CO(a–X) band at approximately 216 nm.

By moving the optical detection assembly along t
track, the variation of CO(a–X) emission intensity along the
flow tube, for a fixed position of the CO2 injection point, was
recorded. Representative data are shown in Fig. 3 for th

FIG. 2. CO(a 3P,v8–X 1S1,v9) emission spectrum from CO2
11e2.

@CO2#51.931013 cm23. The data have been corrected for the spectral
sponse of the detection system.
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CO2 concentrations. The CO2 is added at the point marked
cm. The emission extends far downstream of this point, p
ticularly at low CO2 concentrations. A small amount of CO2

diffuses upstream of the injector; the dip in the signal
z54 cm is due to blocking of the light path by the inject
loop. As @CO2# increases, the downstream intensity is
duced, due to quenching of CO(a) by CO2. The combination
of the large radiative lifetime of CO(a) and the electronic
quenching means that only about 10% of the CO(a) emits in
the observed region of the flow tube.

In order to derive a reliable CO(a) yield, extensive
simulations were carried out. Representative fits are inclu
as the solid lines in Fig. 3. These use the values given ab
for k1 , k2 , andk3 . k4 was set to 0.8310211 cm3 s21 and the
diffusion coefficient of CO(a) ~in the He/Ar mix! to our best
estimate,D(CO(a))5450 cm2 s21. For the simulations, the
ordinate is the integrated number of CO(a) molecules in a 1
cm disk-shaped slice of the flow tube. The simulations w
normalized to the experimental curves at a single point,
maximum in the profile for@CO2#5531013 cm23. It is seen
that the simulations match the dependence of the maxim
intensity on @CO2# and the general shape of thez depen-
dence fairly well, although the simulated curves decay
large z slightly faster than the experimental data. Figure
shows the effect of varyingD(CO(a)) and k4 in the simu-
lations. As expected, increase in either parameter incre
the decay rate at largez. Over the range of CO2 concentra-
tions used, quenching is a more important loss process
diffusion and thus thez profile depends more strongly onk4

than on the diffusion coefficient. Figure 4 shows clearly th
a value ofk4 of ~0.8 to 1.0)310211 cm3 s21 yields a much
better fit to the data than higher values such as
310211 cm3 s21. From these and other simulations over t
whole range of CO2 concentrations, we deduce a best es
mate of k4 of (1.060.2)310211 cm3 s21. Although the

FIG. 3. Dependence of CO(a 3P –X 1S1) ~0,1! band intensity on axial
position for three CO2 concentrations. The reagent inlet is at 4 cm. Expe
mental points: Left-hand scale.@CO2#, cm23: j 1.8131013; d 4.83
31013; m 1.3031014. Solid lines. Right-hand scale. Simulations at@CO2#
51.831013, 5.031013, and 1.331014 cm23. k458310212 cm3 s21;
D(CO(a))5450 cm2 s21.
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variation ofk4 and the diffusion coefficient alters thez pro-
file quite significantly, the effect on the maximum intensi
is much smaller, as shown in Fig. 4.

B. N2„C – B … emission from the reaction of Ar * with
N2

This reaction has been well studied43,44and the spectrum
is very well characterized.45 We measured spectra betwee
280 and 410 nm, including band sequences withDv512 to
23, involving N2(C

3Pu) levels with v850 – 3. The spec-
tral intensities were analyzed, using the known absolute tr
sition probabilities,45 to obtain the vibrational distribution in
the N2(C) state: it was found to agree with previou
measurements43 for the Ar* (3P2)1N2 reaction. In the re-
maining experiments, the monochromator was set to the p
of the ~0,0! band at about 337 nm.

For a fixed N2 injector position, the variation of intensity
along the flow tube was measured and is shown in Fig. 5
N2 concentrations in the range 1.731013 to 1.3
31014 cm23. The profile differs from that for CO(a–X) be-
cause the N2(C) state has a very short radiative lifetime,45

about 40 ns. The profile thus should parallel that of A*
concentration and a linear dependence of ln~intensity! versus
z is expected. The slight deviation from linearity in Fig.
particularly at the highest N2 concentration, is not fully un-
derstood; when the injector was positioned a few centime
further downstream, improved linearity of the plots w
found.

For the absolute calibration of the emission detect
system, the total emission signal from N2* was used. This
involved integration in two distinct dimensions:

~i! Spectral integration over all bands fromv850 – 3,

FIG. 4. Simulations of CO(a–X) emission intensity as a function of axia
position. Upper panel. Dependence on quenching rate constant,k4 , with
D(CO(a))5335 cm2 s21. k4 , cm3 s21: ~a!: 8.0310212; ~b!: 1.2310211;
~c!: 1.7310211. j: Experimental points, normalized to the simulations
the maximum of curve~a!. Lower panel. Dependence on CO(a) diffusion
coefficient, withk451.0310211 cm3 s21. D(CO(a)) cm2 s21: ~d!: 335;~e!:
450; ~f!: 550. j: Experimental points, normalized to the simulations at t
maximum of curve~d!.
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which was performed using the derived vibration
distribution and the known Einstein emission coef
cients.

~ii ! Integration of the signal along the flow tube. This i
volved three steps. First, the signal was integra
over the observed region (z53 – 13), correcting for
the spurious dip which occurs at the injector. Seco
by extrapolation, the integration was extended furth
downstream, assuming exponential decay of the int
sity in this region. Third, a small correction was ma
for competing loss of Ar* atoms, which includes col
lisional radiative quenching by Ar,46 diffusion to the
wall and quenching by any impurity species. T
magnitude of this term was estimated by collecti
data such as those in Fig. 5 for various positions
the injector; as the injector was moved downstrea
the peak intensity dropped solely due to this comp
ing loss term. The magnitude proved to be sligh
larger than that expected for the combined effects
diffusion and quenching by Ar,47 indicating the pres-
ence of small amounts of impurity in the He and/or
carrier flows.

The size of the corrections arising from the second a
third steps ranged from about 60% of the measured i
grated signal at the lowest N2 concentration to about 7% a
the highest concentration. After the corrections had been
plied, the integrated signals at the four concentrations in
particular experiment agreed within a 6% range, showing
validity of the analysis procedure.

C. NO1 production from the reaction of Ar * with NO

When NO was added to a stream of Ar* metastable
atoms, a sharp increase in the electron density, as meas
by the Langmuir probe, was observed~Fig. 6!. The measure-
ments were normally made with the probe positioned on

FIG. 5. Dependence of N2(C
3Pu–B 3Pg) ~0,0! band intensity on axial

position. The reagent inlet is at 4 cm. The lines are drawn to connec
points. @N2#, cm23: j 1.7331013; d 3.0831013; m 6.2131013; . 1.35
31014.
l
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tube axis. However, close to the injector, where the mix
of the NO with the carrier gas was not complete, the ma
mum electron density at a givenz was located with the probe
rotated off axis. The data in Fig. 6 represent the maxim
electron density measured at each axial position. The da
all experiments, spanning the range of NO concentrati
1.7– 3.531014 cm23, showed a small increase in the electr
density,ne , following the jump, with a slow decrease furthe
downstream. As shown by this figure, the observed beha
was independent of NO concentration. Simulations were c
ried out, which included the loss of NO1 by dissociative
recombination@rate constant54.031027 cm3 s21 ~Ref. 48!#
and diffusion. The general profile of the experimental d
was reproduced, except that the maximum inne was pre-
dicted to occur closer to the injector. It was concluded t
the electron loss processes could be accounted for by ad
10% to the maximum in the electron density profiles in plo
such as Fig. 6.

D. Absolute yield of CO „a… in the reaction of CO 2
1

with electrons

Each of the above experiments was repeated until c
sistent and reproducible relative data were obtained for e
experiment. Then, all three reactions were investigated, o
a limited range of reagent conditions, in a single experim
to minimize the effect of drifts in conditions. Such expe
ments were carried out on three separate days.

The Ar*1NO, N2 data provided an absolute calibratio
of the emission detection system~at a wavelength of
337 nm! by comparing the Ar* flux ~deduced from the NO1

yield! and the integrated N2(C–B) emission signal. Use o
the spectral response of the detection system extended
absolute calibration to 216 nm, the wavelength at which
CO(a–X) data were collected. The CO(a) simulations es-
sentially yielded the fraction of Ar1 flux appearing as
CO(a–X) emission at the peak in thez profile ~Fig. 3!;

eFIG. 6. Langmuir probe measurements of electron density for the reac
Ar* (3P)1NO. The reagent inlet is at 4 cm.@NO#, cm23: j 2.0431014; d

3.5731014.
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together with the absolute calibration, this provided a pred
tion of the signal~counts/s at 216 nm! which would be mea-
sured if the yield of CO(a) from CO2

11e2 was unity. Fi-
nally, comparison of this predicted signal with the actu
measured signal yielded the fraction of CO2

1 dissociative re-
combination which produced CO(a). The value obtained
from the complete data set was 0.2960.10, where the state
uncertainty represents one standard deviation and inclu
the propagated errors from all sources.

IV. DISCUSSION AND CONCLUSIONS

A. Collisional quenching of CO „a… by CO2

Collisional quenching of CO(a) has been extensivel
studied.32 Many polyatomic species, especially those co
taining hydrogen, quench CO(a) at close to the collision
rate. It is accepted that CO2 is anomalously inefficient, bu
the rate constant is still uncertain. The present measurem
(1.060.2)310211 cm3 s21, is smaller than previous mea
surements, most of which lie in the range (1.2 to 2
310211 cm3 s21. It is known that CO2

11e2 recombination
contributed to CO(a) production in several of the previou
studies. Under those conditions, the present simulations
veal that, at high concentrations of CO2, the rate of decay of
CO(a) does not solely reflect the rate of quenching by CO2;
rather, CO(a) approaches a steady-state condition, at wh
the decay profile is determined by the rate of formation
CO(a). If this was not taken into consideration in the ana
sis of the decay data, it would have led to anunderestimation
of the quenching rate constant. Unfortunately, this can
explain the fact that most of the previous values are lar
than the present result.

B. Formation of CO „a… in CO2
11e2 recombination

This study has confirmed the original findings of Wa
chop and Broida17 that a substantial fraction of the recomb
nation of CO2

1 with e2 passes through the CO(a 3P) state.
These authors give no details of the procedure used to ex
the absolute yield and thus we prefer the value prese
here. It is disconcerting that, as part of their analysis, W
chop and Broida derived a quenching rate constant
CO(a)1CO2 of 4.1310211 cm3 s21, considerably higher
than most other measurements.

Measurements of absolute product yields are subjec
several potential sources of error. Those arising from
experimental measurements, the calibration reactions
from the simulations are discussed here. The repeatabilit
the measurements was good, leading to a random erro
less than 10%. The original determination23 of the NO1 yield
from Ar*1NO used Ar*1N2→N2(C) as part of the calibra-
tion process. It can be deduced that the sizable uncerta
~30%! in the N2(C) yield fortuitously does not enter into th
yield of CO(a) from CO2

11e2. The agreement between th
two measurements of the NO1 yield23,24 is very good, as
discussed by Joneset al.24

The simulations, which utilize rate constantsk1 to k4 ,
were also an integral part of our determination of the COa)
yield. The yield depends directly on the value ofk3 . k2 was
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fixed within a small range by the need to fit thez dependence
of the electron density. Variation ofk1 and k2 over their
expected ranges of uncertainty had a minor effect on the fi
CO(a) yield. Equivalent fits to the experimental CO(a–X) z
profiles could be obtained by simultaneously changingk4

and the diffusion coefficient of CO(a). Thus these quantities
are not determined well, but the maximum CO(a) concen-
tration obtained in the simulations was affected only sligh
by these changes. Based on this variation, the limited suc
in modeling the dependence of the peak CO(a–X) emission
intensity on CO2 concentration and the uncertainty ink3 , we
derive an 18% uncertainty in the CO(a) yield arising from
the simulations.

Measurements in our flow system have revealed
presence of a small concentration of Ar* metastables, 10%–
12% of that of the Ar1 ions. These react with CO2 to give
CO(a) with a branching fraction41 of ;0.16. Simulations
carried out including this reaction led to an 8% contributi
to the maximum CO(a) concentration. The derived CO(a)
yield of 0.29 presented in the previous section has been
rected for this contribution.

C. Other processes in CO 2
11e2 recombination

At present, insufficient information is available to pro
vide a complete picture of energy disposal in CO2

11e2 re-
combination, even amongst the triplet states of CO. Inte
CO emission from the (a8 3S1), (d 3D), and (e 3S2)
states has been observed,21,40 particularly from CO~a8 and
d!, but no absolute yields have been reported. For CO(a8),
emission from v53 – 11 has been reported, peaking
v55; for CO(d), v50 – 6 are observed, with the peak
v51.21,49 At present there appears to be no direct inform
tion concerning the populations of levelsv50 – 2 of the
CO(a8) state. CO(a8–a) bands from these low-lying level
occur in the ir beyond the spectral detection region of Ts
et al.

Interpretation of the data is complicated by two intere
ing phenomena. First, cascade emission from CO~a8, d, and
e! contributes to the population of the CO(a) state. Using
the reported vibrational distributions and relative populatio
in these two states, the relative vibrational distribution in t
CO(a,v50 – 3) levels arising from the (a8–a) and (d–a)
transitions was calculated and found to be comparable to
observed in the present study. It is possible therefore
cascade emission contributes significantly to the obser
CO(a) population.

Second, these triplet states are connected also by c
sional crossing between CO(a,v>4) and the CO(a8) state
and between CO(a,v>8) and the CO(d) state~see Fig. 1!.
Ottinger et al.50 have studied CO(a8) emission resulting
from collisions of He with a beam of CO(a) molecules with
a vibrational temperature of about 6400 K and find a vib
tional distribution in thea8 state which is comparable to tha
reported by Tsujiet al.21 We have obtained preliminary evi
dence for the occurrence of CO(a→a8) collision-induced
transitions in the CO2

1 recombination system by detection o
weak emission from CO(a,v54 – 7) @which have similar
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energies to CO(a8,v50 – 4)#. These emissions decay dow
the flow tube significantly more rapidly than CO(a,v
50 – 3), as expected if an additional loss process is av
able. Under the experimental conditions of the present st
and of that of Tsujiet al., CO(a→a8) and, where energeti
cally possible, CO(a→d) collision-induced transfer is ex
pected to be a major loss process for CO(a,v>4), while the
reverse processes are expected to be less dominant be
of the lower radiative lifetimes of the CO(a8) and CO(d)
states. We conclude that it is possible that CO(a→a8) tran-
sitions contribute to the observed CO(a8) @and CO(d)#
emissions in CO2

11e2 recombination under flow tube con
ditions. Further studies are planned to clarify the pathw
leading to formation of the CO triplet states in this reacti
system.

Our results, combined with those of Gutchek and Zipf16

show that about one-third of CO2
11e2 recombination events

form singlet and triplet excited states of CO. We expect t
the remainder gives rise to CO(X 1S1)1O(3P,1D,1S)
products. Recombination occurs by capture of an electro
form a repulsive electronic state of CO2, possibly via an
intermediate bound Rydberg state. Potential-energy surf
of CO2 are not known sufficiently well for the exact path
paths to be determined.51,52 Also, because of the very larg
number of electronic states of CO2 which correlate with
CO~a 3P, a8 3S1, andd 3D)1O(3P), it is difficult to pre-
dict which state or states are involved.

It is interesting, however, to compare the dissociat
pathways from CO2

11e2 recombination with those from
photodissociation of CO2. In separate studies, the absorpti
coefficient of CO2 up to ~and beyond! the first ionization
limit 53 and the cross sections for photodissociation
CO(a 3P),54 CO(a8 3S1 andd 3D!,55 and CO(A 1P) ~Ref.
56! have been measured. For photoexcitation at 90.0
close to the ionization energy, the results agree qualitativ
with those for CO2

11e2 recombination. First, the measure
yield of CO(a) from CO2 photodissociation is about 60%
compared to about 30% from CO2

1 recombination. As in our
experiments, this figure includes formation via cascade fr
higher-energy triplet states. Second, CO(a8 3S1) and
CO(d 3D) are important products but their yield at 90.0 n
appears to be somewhat smaller than that of CO(a). Finally,
the vibrational distributions in CO~a, a8, andd! are similar
to those resulting from CO2

1 recombination. One possibl
reason for this similarity in behavior is that both CO2(X) and
CO2

1(X) are linear molecules and have very similar bo
lengths. Thus similar regions of the potential energy surfa
will be accessed initially in the two processes.

It cannot, however, be assumed that identical exc
states of CO2 are involved in photodissociation and CO2

1

recombination, because of the specific selection rules for
former process. The absorption and photodissociation spe
are highly structured, showing that several electronic sta
contribute to each dissociation channel. It would be intere
ing to compare the CO2

1 recombination products with thos
from HCO11e2, because far fewer valence excited sta
are expected to be accessible in this latter system.
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