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Absolute cross sections and rate coefficients have been determined for dissociative recombination of elec-
trons and CO1 ions for energies from 1 meV to 54 eV. We found values of 4310212 cm2 at 1 meV and 10215

cm2 at 1 eV, with an essentially 1/E energy dependence. Branching ratios over the final atomic product states
have been determined using a position- and time-sensitive imaging system. At zero eV collision energy the
predominant yield is to ground-state atomic fragments~76%!. At higher collisional energies the branching ratio
to the ground-state limit is reduced. A new limit, O(1D)1C(1D), opens up and branching to the O(3P)
1C(1D) limit increases. Cross sections are also determined for dissociative excitation of CO1. Thermal rate
coefficients are deduced from the dissociative recombination~DR! data, and compared with measurements in
the literature. Consideration of both the theoretical and spectroscopic data in the literature giving information
about the potential curves along which DR may take place reveals both a paucity and disparity of the data.
@S1050-2947~98!06806-1#

PACS number~s!: 34.80.Gs, 34.80.Kw, 34.80.Lx
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I. INTRODUCTION

Carbon monoxide~CO! is the second most abundant mo
ecule in the universe after molecular hydrogen, and it
present in a wide variety of astrophysical environments, fr
the hot diffuse clouds to the denser and colder molec
clouds such as the dark clouds and the giant molecular c
plexes associated with HII regions. Since H2 is not directly
observable, CO is used as a tracer to map the molec
hydrogen in the Milky Way as well as in other galaxies,
procedure performed basically by means of millimeter ra
astronomy techniques. Observations also show CO in o
astrophysical objects such as circumstellar envelopes, bip
flows associated with birthplaces of stars, and planetary
cometary atmospheres. In all these media, its abundance
respect to H2 is determined mainly by the photodissociatio
rate in the ambient UV radiation field. On the other han
singly charged carbon monoxide has been detected so f
only a few astrophysical environments, for instance tow
the interfaces between molecular clouds and HII regions
around massive O stars@1,2#. In addition, its abundance
compared with other ions was determined to be rather sm
which can be understood in the framework of fast convers
of CO1 into HCO1 by reaction with H2. Hence, CO1 is
usually of significant abundance only in the hot layers
photon-dominated regions~called PDR’s!, where a signifi-
cant fraction of hydrogen is present in atomic form. Ve
recently, CO1 was also detected toward a PDR associa
with the reflection nebula NGC7023, in the vicinity of a B
star@3#. Its presence in such an environment remains my
rious, since a Be star cannot provide the photons to ph
ionize CO.
571050-2947/98/57~6!/4462~10!/$15.00
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From the above, it follows that detailed knowledge of t
different pathways leading to the formation as well as to
destruction of CO1 is needed. This publication presents da
on the destruction through dissociative recombination~DR!.
Our findings suggest that DR is an efficient process. Alrea
two decades ago, this process was invoked in a mode
carbon production in cometary ionospheres@4#. At that time,
ultraviolet spectra revealed a substantial amount of re
nance scattering at 193.1 nm from metastable C(1D) atoms
@5# ~lifetime 3200 s! from the ionospheres of the come
Kahoutek~1973! and West~1976!. Since the dominant de
struction mechanism for CO was thought to be photoioni
tion rather than photodissociation, Feldman suggested
the DR of the CO1 ions could be a source of the metastab
carbon atoms according to the second of the four exother
channels@4#:

CO11e→O~3P!1C~3P!12.92 eV ~1a!

→O~3P!1C~1D !11.66 eV ~1b!

→O~1D !1C~3P!10.96 eV ~1c!

→O~3P!1C~1S!10.24 eV. ~1d!

The energies of these reactions pertain to CO1 in its ground
vibrational state and at zero eV collision energy. Feldman@4#
used in his model calculations a value for the DR therm
rate coefficient of 331027 cm3 s21 at 300 K~this happens to
be close to the value measured in this paper!. He also as-
sumed the branching ratio~1b! to be unity in order to fit the
C(1D) from the comet West~this we found to be incorrect!.
4462 © 1998 The American Physical Society
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In comets, dissociative recombination may not be the o
destruction pathway. The ion CO1 reacts also with H2O, and
water is another abundant cometary compound. The pres
of CO1 was established in the outer coma of comet Hal
@6#. In the latter observation, neither the dissociative pho
ionization of CO, CO2, nor CH4, nor the photodissociation
of these molecules followed by photoionization of carb
atoms could account for the measured abundance of C1. No
mention was made of DR as a mechanism to provide
carbon atoms that in turn would be photoionized. Given
large DR rates reported in the present paper, the role of
in C1 formation may be readdressed.

A different issue is the escape of carbon and oxygen
their compounds from Mars in time, McElroy, Kong, an
Young @7# mentioned the DR of CO1, as a mechanism to
produce sufficiently fast carbon and oxygen atoms. Esc
due to dissociative recombination seems well established
the case of N2

1 @8#. This mechanism may even explain th
difference between Earth and Mars of the isotopic ratio15N
to 14N, because of a preferential escape of the lighter14N
isotope from the martial atmosphere@9#.

This paper also presents the result of dissociative exc
tion ~DE!, which has an onset at an electron energy of 1
eV.

The experiments presented in this paper were carried
at the heavy-ion storage ring CRYRING, located at t
Manne Siegbahn Laboratory at Stockholm University. T
remainder of the paper is organized as follows. The exp
mental description and the analysis procedure are give
Sec. II. Section III describes the observed dissociative
combination cross sections, the final state product branc
ratios, and dissociative excitation cross sections. Section
provides further discusion of the DR results, comparing th
with earlier thermal rate measurements and discussing p
ways and mechanisms for the processes.

II. EXPERIMENT

The experiments have been performed at the CRYRI
~CRYogenic RING! heavy-ion storage ring at the Mann
Siegbahn Laboratory. A stored circulating ion beam
merged with an electron beam over a known distance
with a variable relative energy. The rate of neutral prod
tion by electron-molecular ion interactions is used to extr
the rate coefficient of the process under study. An imag
detector is applied to extract final state information of t
atomic fragments. The storage ring and data analysis pr
dure were described in detail in previous publications@10–
12#, so that only the main features will be given here.

A. Cryring

A CO1 ion beam was produced in a hot-cathode d
charge ion source~MINIS! with an energy of 40 keV. To
avoid possible contamination with N2

1 ions ~same mass to
charge ratio,A/q), we chose to study13C16O1 produced
from electron impact of13C16O. After mass selection, th
ions were injected into the ring and further accelerated to
energy of 0.116 MeV per atomic mass unit, which cor
sponds to a full CO1 energy~FE! of 3.423 MeV. At each
passage through the electron cooler region, the ions in
ly
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acted over a distance of 85 cm with a 64.7-eV, 1.45-m
4-cm-diam continuously renewed electron beam. Elect
cooling @13#, that is the reduction of the phase space of
ion beam by momentum transfer between the ‘‘cold’’ ele
tron beam and the ‘‘hotter’’ ion beam, was not efficie
within the time scale of the experiment. The ion bea
halflife time of about 1.75 s was, however, large enough
allow the data acquisition.

During the data acquisition, the velocity of the electr
beam is changed so that electron-ion collisions at w
defined center-of-mass collision energies are obtained.
difference between the velocities ofthe ion and elect
beams is called the detuning energynd , and is associated
nonrelativistically, with the detuning energy according
Ed5mend

2/2. In the initial, ‘‘cooling’’ phase of an injection
cycle the detuning velocity is zero. After about 5 s, the el
tron beam velocity is changed so thatnd becomes different
from zero. These electron cooler jumps are performed
times per injection cycle during time windows of 200 m
and always to the same detuning energy. After 10–15 m
the measurement is terminated; the electron cooler is now
to jump to a different detuning energy, and a new set of d
is recorded. The spread in the noncooled ion velocities
approximately (Dv/v51023) does not contribute signifi-
cantly to the spread in collision energies. The contribution
the energy spread is 25 meV at 10 eV, 2.5 meV at 0.1
and 0.25 meV at 1 meV relative collision energy. Thus, t
spread in collision energies is entirely dominated by
transverse~kT'510 meV! and longitudinal~kTi50.1 meV!
energy spreads in the electron beam@10#. The center-of-mass
collision energy is not well defined for energies belowkT' .
WhenEd is larger thankT' , the center-of-mass energy ap
proaches the detuning energy. It is noteworthy that the
tuning energy can be smaller thankT' . We have followed
common practice and used the detuning energy as the en
scale.

The storage time ensured that the CO1 ions are in their
electronic and vibrational ground states. The CO1(X 2S1)
ions have a sizable dipole moment of 2.77 D; vibrationa
excited molecules can fully relax to the ground state by
frared radiation. Electronically excited states also have
laxed in our experiment. Such contaminations~see the later
discussion of dissociative excitation DE! may have occurred
in previous single-pass experiments by Mitchell and H
@14#. According to Desquelles, Dufay, and Poulizac@15# and
to Bennett and Dalby@16#, the B 2S1 state has a mean
lifetime of 45 ns and is thus of no concern. TheA 2P state
decays much more slowly than theB state, with lifetimes
that were measured@17–19# for individual vibrational levels
ranging from 3.82ms (v50) to 2.10ms (v59). In our case,
measurements did not began until 3 s after injection of the
ions. The present results definitely relate to t
CO1(X 2S1,v50) ground state, a fact that was confirme
by the three-dimensional imaging data~see Sec. III B!.

DR and DE events were observed by detecting the neu
fragments produced within the interaction region~in the
present case C and O!. These product neutrals leave the sto
age ring at the first dipole magnet located downstream of
electron cooler and enter the so-called 0° arm. In this arm
located both an energy-sensitive surface barrier dete
~SBD! and a three-dimensional imaging detector to study
kinetic energy released in the center-of-mass frame.
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B. Data analysis procedure

Figure 1 displays a typical multichannel analyzer~MCA!
spectrum~recorded during a number of time gates in ea
injection cycle! with three different peaks corresponding, r
spectively, to the C fragments~energy equals13

29 FE!, the O
fragments~16/29 FE! and the C1O ~or CO! fragments~en-
ergy equals FE!. The data protocol described previously@10#
was used here, wherein the ion current is measured only o
during the measurement while simultaneous measurem
were made of the FE peak and the fractional FE or ‘‘ba
ground’’ peaks. The background peaks were then u
throughout the rest of the experiment as indicators of
magnitude of the ion current in the ring. In this experime
the C and O fragment peaks were unfortunately not co
pletely resolved, i.e., the SBD peaks overlapped each ot
see Fig. 1. Thus, for the background peak, we combined
C and O fragment peaks. The labelP12 pertains to the inte-
grated number of counts in that combination peak, and
denote the integrated number of counts in the full ene
peak~DR! by P3 . The integrated number of countsP12 and
P3 obtained from the MCA spectra contain unwanted con
butions, leading to the subscript ‘‘cor’’ in Eq.~2!. P12cor and
P3cor are thus the integrated number of counts after corr
tion, described as follows. Charge transfer between the
gas~mainly H2) and CO1 gives nonsignal counts inP3 . This
is quantified by recording this peak in a multichannel sca
~MCS! spectrum~recorded during the whole injection cycle!
whilst turning the electrons on and off@12#. The background
peakP12 is affected at elevated collision energies by DE a
quantified recording the background count rate using
MCS. A small background comes from positive ions trapp
in the electron beam. The amount of trapped ions chan
with electron energy since the ionization cross section va
with electron energy. The contribution to the count rate
the background peaks from trapped ions was observed w
switching the electrons on an off~Ed50 eV! while monitor-
ing the P12 peak in an MCS measurement. The ‘‘trappin
effect’’ was found to contribute very little toP12 in these
measurements. It has been shown@10# that the absolute DR
rate coefficient~in units of cm3 s21) is given by the simple
relation

RDR5RBF C

neL
G P3corr

P12cor
. ~2!

FIG. 1. MCA spectrum. The peak at full beam energy~FE! of
3.4 MeV,P3 , reflects the DR signal. The peaks at lower energy
due to collisional backgroundP12.
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The circumference of the ring and the length of the inter
tion region are respectivelyC551.6 andL50.85 m, and the
electron density isne . The electron beam is run in a fixe
current and diameter mode, so thatne decreases inversely a
the velocity of the electrons. The rest gas destruction rate
ion and unit time isRB and is proportional to the ratio of th
background count ratedP12/dt to the absolute ion current
both recorded at the same time.RB was found to be
13.531023 s21.

The DE rates were obtained by subtracting the contri
tion due to rest-gas collisions from the observed backgro
countsP12. The increase in count rate was measured app
ing electron cooler jumps in an MCS measurement. T
number of DE counts in the background peakPDE, is used in
a relation similar to Eq.~2! to calculate the DE rates@10#.
The only difficulty in the analysis is that DE counts and t
‘‘trapping’’ contributions in the MCS are convoluted withi
one jump. However, one can use the fact that the trapp
contribution is time dependent. Initially, at time zero aft
the cooler jump to the detuning energy at which DE is go
to be measured, the number of trapped ions is the sam
before the cooler jump. Since the electron energy has b
changed, and since the ionization energy changes with e
tron energy, the number of trapped ions then starts to cha
Therefore, the DE contribution is determined by the cou
rate recorded promptly after the cooler jump.

The variable amount of trapping of ions affects the s
called space charge correction in the electron beam
hence the electron energy on the axis. Because of the
sence of phase space cooling, the determination of the ‘‘c
ing’’ energy was performed by maximizing the observed D
rate. In principle, the laboratory electron energy is nonlin
@20# due to the space charge of the electron beam as sh
in Eq. ~3!, which gives the energy at the center of the bea

Ee5eUc2
I er emec

2
„12j~Ee!…

eve
@112 ln~b/a!#. ~3!

The electron current, classical electron radius, electron
mass, and electron velocity are, respectively,I e ~here 1.45
mA!, r e , mec

2, andve , whereas the diameters of the ele
tron beam and the beam tube are respectivelya54 cm and
b510 cm. The potential of the cathodeUc is basically the
applied voltageVc minus a contact potentialfc , andj(Ec)
is a correction to the space charge density due to trap
slow ions originating from ionization of the background g
@11#. For the conditions in CRYRING,j(Ee) is of the order
of 0.25. Equation~3! is used in an iterative procedure t
obtain the correct electron energy. The resulting energy
certainty is of the order of 0.05 eV at 1.0 eV collision e
ergy.

C. Position- and time-sensitive imaging system

A position- and time-sensitive imaging system records
separation between the fragments, and their arrival-time
terval. This detector is positioned 6.3 m behind the elect
cooler @12#. DR fragments hit the first of a stack of thre

e
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multichannel plates~MCP diameter525 mm!, the signal
from which produces flashes on a phosphor screen. A C
~charge coupled device! camera is used to image the pho
phor and the fragment separation can then be determi
From the distance between the fragments, their kinetic
ergy is determined which enables@see reactions 1~a!–1~d!#
the identification of the dissociation limit. The detailed sha
of the distribution of fragment separations over such a de
tor has been described elsewhere@21#. Timing information is
ascertained from gold strips that have been evaporati
coated onto the surface of the last MCP. The strips are tr
lucent to electrons, but the transit of an electron clo
through one of the strips produces enough of a signal so
when amplified, a single channel of a 16-channel cons
fraction discriminator~CFD! can be triggered. The timing
information is correlated with the correct CCD frame
build the 3D picture. More details can be found in Peters
et al. @2#. The method of analysis of the distributions fro
the imaging detector is the same here as in Ref.@12# on the
DR of N2

1. A brief resume of that procedure will thus su
fice.

The fragments from a DR event that occurs when
molecular axis is aligned with the beam velocity will resu
in a maximum difference in time and the smallest separat
while those that come from a molecule that is perpendi
larly aligned to the beam axis will arrive simultaneous
with the maximum separation. In our spectra the timing m
surement is used as a selection criterion, rejecting events
give rise to fragments with an arrival time interval grea
than 800 ps. This effectively generates spectra from th
events that have their dissociation angle more or less per
dicular to the beam axis, and eliminates the long tails that
a trademark of two-dimensional distance spectrum, in wh
no timing information is obtained.

We compare observed spectra with model distance di
butions in which the finite timing resolution~FWHM;550
ps!, and the spatial resolution of the detector~;0.13 mm! are
taken into account. Also, the detection efficiency, which i
function of distance due to the ion beam size and the dete
size, is taken into account by mapping the effective dete
area. For small kinetic energy releases~in this study,0.6
eV! the rotational temperature gives an observable broad
ing. We used a 600-K rotational temperature in qualitat
accord with the ion source characteristics. A backgrou
spectrum~taken with large electron cooler jumps! has been
measured separately and is dominated by random co
dences.

III. RESULTS AND DISCUSSION

A. Dissociative recombination

Figure 2 presents the DR rates as a function of the cen
of-mass energy. For a given center-of-mass collision ene
one can run the electrons either slower~negative electron
energy jumps! or faster~positive electron energy jumps! than
the ions. The electron beam at zero collision energy had
energy of only 64.7 eV. Experiments with negative jum
were only possible over a limited range. The center-of-m
collision energies have been corrected for the space ch
effect @20# described in Eq.~3!. The error bars in the figure
are purely statistical at the ones level and thus represent th
relativeuncertainty, or uncertainty in theshapeof the curve.
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In addition to the statistical relative uncertainties, there
also absolute systematic uncertainties which must be con
ered. The systematic uncertainty inRB ~ion current measure
ment! is estimated to be about 3%~a new pickup coil@22#
has been installed since previous measurements!, the circum-
ference is uncertain to less than 1%, the electron curren
measured to 2% accuracy, and the current distribution is
certain@23# to no more than 7%, and the uncertainty inL is
estimated to be on the order of 10%. Combining the
sources of error yields a total systematic uncertainty of ab
13% estimated to be at a level equivalent to ones. Thus, the
whole curve in Fig. 2 could be shifted up or down by 13
within the uncertainty.

The rate coefficient is a convolution of the relative ener
distribution with the cross section for DR,^sv&. Knowing
the velocity distribution of the electrons, it is possible to u
deconvolution procedures, which have been previously
scribed@10,23# to obtain the DR cross section for CO1. Ab-
solute cross-section results are shown in Fig. 3. Figure 3
contains the single-pass measurements of Mitchell and
@14#. This deconvolution procedure sometimes introduc
unwanted structures. The magnitudes of the cross section
well as the power-law energy dependence should be cor
but features in the cross section that do not show up in
rate coefficient should be considered with caution. The str
ture at 0.15 eV is seen in the rate coefficient data, and is r
The figure also shows the cross section obtained by divid
the rate coefficient with the detuning velocity. The over
energy dependence is found to followEcm

21.05, which is very
close to theEcm

21 predicted for the ‘‘direct’’ mechanism o
DR @24#. The disparity in magnitude between our data a
those by Mitchell and Hus@14# is discussed later.

B. Final-state branching ratios

The final state distributions of the fragment from the D
of CO1 have been measured for four different center-
mass collision energies. For zero-energy collisions there
four energetically allowed limits, see reactions 1~a!–1~d!.
For two of the higher collision energies, at 0.4 and 1.0 e
for which spectra have been measured, there is an additi
channel available, leading to the limit O(1D)1C(1D) ~en-

FIG. 2. Absolute dissociative recombination rate coefficie
~l! shows data taken forve.v ions and ~s! shows data taken for
ve,v ions. The maximum observed rate defined our zero detun
energy.
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4466 57S. ROSÉN et al.
dothermic at 0 eV collision energy, with an enthalpy chan
DH510.3 eV!. And for the collision energy of 1.5 eV ther
is a further limit available resulting in O(1S)1C(3P) ~DH
511.25 eV!.

The distribution of distances measured at 0 eV collisio
is shown in Fig. 4. Clearly, it can be seen that at this ene
dissociative recombination mostly results in ground-st
atomic fragments@O(3P)1C(3P)#: more than three quarter
of all DR events lead to this limit~76%!. The least exother-
mic limit @reaction 1~d!# is not observed. The other two dis
sociation limits, O(3P)1C(1D) and O(1D)1C(3P), have
yields of 15% and 9%, respectively, see Table I. The erro
the fit to the 0-eV spectra is estimated to be65% of the
branching ratios. It is useful to iterate here that the branch

FIG. 4. Distance spectrum for branching fraction determinati
~d! shows data taken at 0 eV detuning energy; the full drawn
shows a fit with correction for timing cut off and detector ef
ciency. Note therefore that the distribution does not directly refl
the branching.

FIG. 3. Absolute dissociative recombination cross section
tween 1 meV and 1 eV. The full drawn line shows the cross sec
as derived from the measured rate coefficients, using a decon
tion procedure described in Refs.@10# and@23#, with the following
electron temperatures:kTi50.1 andkT'510 meV. The dashed line
shows the cross section derived by dividing the measured rate
efficient by the relative velocity.~l! shows data from Ref.@14#.
e

s
y
e

n

g

percentages are the result, for different kinetic energies
leased, of a modeling procedure that accounts for the b
and detector size, and the different amounts of data rejec
due to the timing selection. Hence, the reported branch
ratios do not reflect the intensities in Fig. 4. We note that
distribution spectrum excludes the presence of vibration
excited CO1.

Figure 5 shows the results of the measurements reco
at the collision energies: 0.4, 1.0, and 1.5 eV, respectiv
The sharply reduced count rates at elevated electron colli
energies is reflected in the reduced quality of the spec
Independently, a background spectrum has been determ
the shape of which is subtracted. The background inten
was used as a parameter. This has resulted in the neg
data points. The data are of reasonable quality and sho
clear correlation in the shift and position of the peaks as
collision energy is increased. The trend in branching is th
clear. The extracted branching ratios are also given in Ta

.
e

t

FIG. 5. Distance spectra for various electron collision energ
upper spectrum 0.4 eV; middle spectrum, 1.0 eV; and lower sp
trum, 1.5 eV. Note that the best model spectrum in the lower sp
trum used an energy of 1.4 eV.

-
n
lu-

o-

TABLE I. The table shows the final state distribution for fou
relative collision~detuning! energies. For the 0-eV collision energ
the statistical error is about 5%. At the other collision energi
because of less statistics due to lower DR cross sections, the er
30%.

Limit Ed ~eV! 0 0.4 1.0 1.5

O(3P)1C(3P) 76.1% 53% 39% 38%
O(3P)1C(1D) 14.5% 34% 35% 35%
O(1D)1C(3P) 9.4% 8% 15% 11%
O(3P)1C)(1S) 0.0% 0% 5% 5%
O(1D)1C(1D) 5% 6% 11%
O(1S)1C(3P) 0%
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57 4467ABSOLUTE CROSS SECTIONS AND FINAL-STATE . . .
I. The branching ratios change markedly; the branching
the lowest O(3P)1C(3P) limit decreases. Not only a new
dissociation limit opens up, the O(1D)1C(1D) limit, but
also the branching to the O(3P)1C(1D) limit increases. It
should be noted here that the statistical error in the fitt
procedure for the distributions recorded at elevated collis
energies is quite large~630%!, caused by a large reductio
in DR rate and mainly due to the uncertainty in the ba
ground. One should also note here that the error includes
error that arises from the fact that the fragmentation proc
can have different angular distributions. By mapping t
angle distribution for a certain kinetic energy release with
timing rejection, one can infer that recombining CO1 disso-
ciates isotropically in the center-of-mass frame in the cas
0 eV. For collision energies larger than zero it is not possi
to distinguish between an isotropic distribution and a si2u
distribution, whereu is the angle between the electron bea
and the molecular axis@25#. At 0.4 eV collision energy, at
low fragment distances, a 600-K rotational temperature
the CO1 molecular ions has been used in the model.

C. Dissociative excitation

As described in the analysis procedure section, the
data were taken in the MCS mode and are the sum of co
registered for both 13/29 and 16/29 of ‘‘full energy’’ pea
heights from the SBD. As mentioned, we could unfor
nately not separate the dissociative excitation chann
C1O1 and O1C1. The cross sections for the DE of CO1

are presented in Fig. 6~filled diamonds! together with the
data of Mitchell and Hus@14# ~open circles!. The measured
DE rates were converted into absolute cross sections by
viding the rates by the corresponding relative velocities. T
procedure is justified, because the spread in relative ene
is very small compared with the energies under considera
~.9 eV!. The rates have been corrected for the change
the electron density~due to different electron velocities! and
the relative velocities for the space-charge effect mentio
above@20#. Again, uncertainties shown by the error bars a
statistical only at the ones level.

Our measured cross sections rise at a threshold aro
12.5 eV to a value of about 2310216 beyond 25 eV. This is
a magnitude typically encountered for the dissociative ex

FIG. 6. Absolute dissociative excitation cross section betwee
and 50 eV.~l! this work; ~s! data from Ref.@14#. Note the dif-
ference in threshold behavior.
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tation of diatomic ions. The data from Mitchell and Hus@14#
are also consistent with this magnitude. The only differen
between the two sets of data is in the location of the thre
old for the direct excitation. Although one has to be e
tremely cautious due to large uncertainties on both sets
points, the low threshold~5.3 eV! measured for the single
pass experiment may reflect internal vibrational or electro
excitation. The transit time in a single pass experimen
similar to theA-state lifetime of'3 ms.

Figure 7 contains a number of potential curves calcula
by Honjou and Sasaki@26# that may bear relevance to th
results presented in this paper. The ionic ground state b
ing energy allows DE to occur at about 8.5 eV from groun
state CO1. Even if one considers electronic transitions in t
Franck-Condon region, DE may happen via excitation of
2P(II) state at about 9.2 eV and via the2S1(III ! around
10.4 eV. The measured threshold seems to be more in
region of 12.5 eV. This may indicate transitions to the gro
of curves around the2P(III), 2P(IV), and 2P(V) states. In
a number of systems resonant dissociative excitation
been observed. In this process, the electron is captured
neutral doubly excited state that lies in both the ionizat
continuum and the dissociation continuum. A proportional
between the DR and DE cross sections is a signature of
process. There is no evidence of this in our data. The abs
of a maximum in the DR cross section around 8 eV m
indicate that there are no neutral states with a large cap
width in this region.

IV. FURTHER DISCUSSION OF DISSOCIATIVE
RECOMBINATION

A. Thermal rates and comparisons

Dissociative recombinations of CO1 has not been studied
nearly as much as other common diatomic ions such s N2

1,

0

FIG. 7. Potential energy curves relevant for dissociative exc
tion taken from Ref.@26#.
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NO1, O2
1, etc. The reason for this is unclear, howev

perhaps part of the reason lies in the difficulty in the m
surements using other techniques as is emphasized be
Mentzoni and Donohoe@27# apparently made the earlie
measurements on what they assumed to be CO1 using a
plasma afterglow method. For electron temperatures of
and 800 K, they measured DR rate coefficients
6.731027 and 431027 cm3 s21, respectively. Later, this
work was criticized by Whitaker, Biondi, and Johnsen@28#
who repeated the experiment, including mass spectrom
identification of ions, and were unable to get a plasma do
nated by CO1. The main criticism of the work lies in the
probable presence of (CO)nCO1 clusters, which form
readily and are known to recombine rapidly. In general, m
of these clusters recombine faster than 1.031026 cm3 s21 at
room temperature; for example, one has to consider rate
efficients as large as 1.331026 cm3 s21 for n51 @28# and
1.931026 cm3 s21 for n52 @28#. Thus, it was proposed tha
such contamination occurred in the experiment by Mentz
and Donohue and that it could explain their apparent h
DR rates.

Mitchell and Hus@14# performed the first merged beam
experiment on CO1 with a single pass setup, and attribut
their cross sections to dissociative recombination of electr
with vibrationally excited CO1. Later, CO1 was studied at
room temperature by Geoghegan, Adams, and Smith@29# by
means of a flowing-afterglow Langmuir-probe apparat
They reported for CO1 a rate coefficient of 1.631027

cm3 s21 at room temperature. Although the energy state
the recombining ion is not specified, it is likely to have be
the electronic and vibrational ground state, since the pres
was high enough to lead to collisional quenching of exci
states.

In order to present a thermal rate coefficient, the DR cr
section displayed in Fig. 3 was convoluted with a Maxwe
ian temperature distribution. The resulting curve is display
by the solid curve in Fig. 8. This curve can also be rep
sented by the expression

a~Te!52.7531027S 300

Te
D 0.55

cm3 s21. ~4!

Also included are the similarly derived rate coefficients
Mitchell and Hus@14# shown as the dashed curve, and ra
discussed above of Mentzoni and Donohoe@27# and of
Geoghegan, Adams, and Smith@29#. The discrepancy with
the data by Geoghegan, Adams, and Smith@29# is not yet
explained. These authors used a helium discharge to gen
ions and metastable species that consequently ionized
introduced as a test gas downstream. Various possible c
plications were taken into account, and it is thus difficult
rationalize the factor of 2 difference with the results found
the present work.

B. Mechanisms and interpretations

Our results show that the dissociative recombination
CO1(X 2S1) is an efficient process, as is the case for
diatomic molecular ions of similar size. For example,
room temperature, thermal rate coefficients for CO1, N2

1,
and O2

1 are 2.7531027, 231027, and 231027 cm3 s21,
,
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respectively@12,30,31#. For NO1 it is even larger@31,32#,
3 – 431027 cm3 s21. The DR process of all these ions a
believed to be driven by the so-called ‘‘direct’’ proces
which involves curve crossing~s! between the ionic and dou
bly excited neutral potential curves. The observed rate s
gests that this is also the case for CO1. The 1/E dependence
of the cross section~Fig. 3! and the resultant 1/T0.5 depen-
dence of the thermal rate coefficient@Eq. ~4!# is not in con-
tradiction @24# with a direct mechanism with a favorabl
Franck-Condon overlap. In the discussion below we will
tempt to mention some possible neutral states.

Before proceeding with that discussion, however, it is i
portant to recognize that there is evidence for some con
butions to the observed rates from the so-called ‘‘indir
process.’’ The ‘‘indirect’’ process is known to induce dips
the cross section due to destructive interference with
through the ‘‘direct’’ process. The feature at 0.15 eV in F
2 may be an example. As already noted, N2

1 is isoelectronic
with CO1. Guberman@33# included both ‘‘direct’’ and ‘‘in-
direct’’ processes to calculate the cross sections for the
sociative recombination of N2

1(X 2Sg
1) up to 1 eV

wherein he predicted some dips that were not observe
our study@12# of that ion. From all possible explanations, w
believe that such features may have been smeared out
cause of the large number of target ion states with vibratio
states up tov53. Nitrogen ions are infrared inactive, and d
not cool radiatively in contrast to CO1.

Turning our attention again to the direct mechanism,
note that no calculations immediately relevant to the D
mechanism have so far been carried out to our knowled
Some work on photodissociation of CO above the ionizat
energy may be the same channels used in the DR of C1.
For the discussion, we refer to Fig. 9 where some of
curves discussed are displayed. It was found@34,35# that
photodissociation of CO does not proceed through direct
citation to repulsive states, but rather by dissociation
bound Rydberg states. For example, thenss and thenps
series converging to the CO1 (X 2S1) state were investi-
gated@36# ~up ton56). The first member of thenss series,
the B 1S1 states, is predissociated by theD8 1S1 valence
state @37–39#. Adiabatically, theB and D8 states form a

FIG. 8. Thermal rate coefficient. Our work~solid line! and a
comparison with literature data from Mentzoni and Donohue@27#,
Mitchell and Hus@14#, and Geoghegan, Adams, and Smith@29#.
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double minimum potential curve. TheD8 state correlates as
ymptotically with the O(3P)1C(3P) ground-state limit. The
~diabatic! D8 1S1 state is considered to be responsible
the predissociation of the (3ss) B 1S1(v52) @40#, the
(3ps) C 1S1(v53,4) @40#, and the (4ps) K 1S1(v50)
@41# states. In a similar manner, theE 1P(v50) @first mem-
ber of the npp series ~not shown!#, the (4pp) L 1P(v
50) and the (3dp) L8 1P(v51) Rydberg states are pre
dissociated by interaction with a dissociative state of the1P
symmetry@42# shown simply by this notation in Fig. 9. Th
1P and D8 1S1 states are invoked by Hiyama and Nak
mura@42# to be involved in the ‘‘direct’’ dissociative recom
bination mechanism. It is of interest to note that a stro
coupling between Rydberg states and a repulsive doubly
cited valence state directly implies a large electron cap
width of the repulsive state in the ionization continuum a
hence a possible important role in the DR process.

It is conventional wisdom that for the direct DR proce
to be efficient at low energies, there must be a crossing
repulsive neutral curve through the lower part of the io
curve. The internuclear separation at the crossing is also
erally regarded as important. Figure 9 shows a large disc
ancy between the position of the (D8 1S1)H state of
Hiyama and Nakamura@42# and the same state reported
Tchang-Brillet et al. @40#, labeled D8 1S1. According to
Hiyama and Nakamura, the position of their calculatedD8
state should be accurate to within 0.027 eV, whereas the1P
state is supposed to be accurate within 0.14 eV. The loca
of both of these calculated curves is toward the inner wal
the ionic curve. TheD8 state of Tchang-Brilletet al. @40#,
which was deduced from spectroscopic data, crosses
ionic curve toward the outer wall. In considering ‘‘direct
dissociative recombination to such states, the efficiency

FIG. 9. Potential energy curves, which may be relevant for d
sociative recombination, taken from Refs.@40# (D8 1S1) and@42#
(D8 1S1

H and 1P).
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the process is favored if the crossing is toward the outer w
of the ionic potential curve over the case where it is towa
the inner wall. In view of the absence of sufficiently accura
curves and a complete absence of information on the tri
states, we cannot make any detailed comparison between
findings and the quality of the mentioned neutral stat
Moreover, all of the above only takes into considerati
ground-state fragments, whereas we observe other diss
tion limits. Ebata, Sutani, and Mikami@43# pointed out that
the O(1D)1C(3P) and O(3P)1C(1D) dissociations should
proceed through a spin-orbit coupling if the capture state
singlet state. According to O’Neil and Schaefer@44#, the
(2,3,4,5)3S1 states are all repulsive and go respectively
O(3P)1C(3P), O(3P)1C(1D), O(1D)1C(3P), and
O(3P)1C(5S). Clearly the theory is in its infancy, an
much work is required.

In examining Fig. 2, one sees that a high energy re
nance is not observed as is found in some light species s
as the H3

1 isotopomers@45,46# and HeH1 @10#. However,
such features have not been seen before for ‘‘heavier’’ i
such as C2

1 and C3
1 @47# or for N2

1 @12#, but are present in
NO1, and O2

1. We note that the single point at 54 eV lies
factor of 2 higher than that at 22.3 eV. It is unlikely that th
is the start of a high energy ‘‘bump,’’ as the 54-eV point lie
well into the multiple ionization continuum for the specie
At this energy one can imagine strong autoionization p
cesses to be present.

Using the1P state of Hiyama and Nakamura@42# and the
D8 1S1 state of Tchang-Brilletet al. @40# we have per-
formed overlap integrals between CO1 in its ground vibra-
tional state. The different electron collision energies we
accounted for by evaluating the overlap integral with t
continuum state at the total energy of CO1 (v50)1e2.
This calculation provides a rough qualitative idea of the b
havior of the capture probability of these states with incre
ing electron energy. It is found that with increasing ener
the overlap integral to theD8 1S1 state increases, while tha
to the 1P state decreases. In going from zero energy to
eV the Franck-Condon factor reduces by more than one h
These findings are very qualitative but may indicate tha
zero energy it is the1P state that is the predominant repu
sive state involved in the DR, while at higher energy it is t
D8 1S1 state that becomes more important.

V. SUMMARY AND CONCLUSIONS

The ion storage ring measurement of dissociative reco
bination of CO1 shows that DR is a very efficient proces
Cross sections of about 4310212 cm2 at 1 meV and 10215

cm2 at 1 eV are found, with an essentially 1/E dependence.
Thermal rate coefficients previously appearing in the lite
ture differ from one another by up to a factor of 6. O
deduced value of 2.7531027 (300/Te)

0.55 cm3 s21 lies in
between previous measurements. The disparity with som
the other measurements can be rationalized. The rate co
cient is about 1.7 times larger than the value for the isoe
tronic ion. The experimental results from the imaging det
tor indicate that at zero collision energy the DR mechani
is dominated by a direct dissociation process to the grou
state @76% branching to O(3P)1C(3P)]. As the collision
energy is increased the branching fraction to the ground-s
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limit is found to decrease rapidly. Between 0 and 0.4 eV, D
of CO1 yields 15–30 % of C(1D) atoms, in contrast to the
100% at 300 K assumed by Feldman@4,5# to explain UV
lines in comets Kahoutek and West.

The cross section for dissociative excitation of CO1 was
also measured. The magnitude of the cross section after
ing from threshold somewhere around 12.5 eV, is very ty
cal of dissociative excitation cross sections'2310216 cm2.
In the present work the quality of the SBD prevented de
mining the branching between the two dissociative excitat
channels, C11O and C1O1.

There is a large disparity in the literature concerning
position of the dissociative states that would be involved
DR for this ion. It is clear that a great deal more remains
be done on the theoretical side. The present information
vents even a qualitative interpretation of the observation
terms of potential energy curves. These results provide
opportunity for theorists to address the dissociative recom
nation process of a moderate sized ion that is fully relaxe
the ground electronic and vibrational states. It should be
.
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the more attractive since it is isoelectronic with N2
1, which

has been widely studied theoretically, but has not yielded
experimental high resolution studies of fully ground-sta
ions.
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