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Absolute integral cross sections have been measured for associative ionization reactions involving the C−

and C+, N+, and O+ reactants. These measurements, obtained using a merged-beam setup in the keV range,
provide us with useful experimental information on the efficiency and mechanisms of molecular ion formation
from ionic reactants. The relative magnitudes of the different cross sections are rationalized by considering the
spin multiplicities of initial and final states, and the exothermicities of the detachment and transfer ionization
channels. The very different production efficiencies of CO+ ions via the O−+C+ and C−+O+ channels are
explained by statistical and energetic considerations. The potential energy curves of CO and CO+ have been
calculated by quantum ab initio methods in order to characterize the reactive pathways leading to autoioniz-
ation. Thermal rate coefficients are derived to serve the plasma physics community.
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I. INTRODUCTION

The radiative association �RA� and associative ionization
�AI� processes are two obvious formation mechanisms of
molecules in binary collisions. The former leads to a charged
or neutral molecule together with the emission of a uv pho-
ton, and usually occurs with a weak integral cross section
due to the large amount of energy brought into the molecular
complex. The latter leads to a molecular cation together with
an electron, and is efficient since autoionization occurs in the
time scale of the collision. It is often endothermic from
ground-state neutral reactants, while it is usually exothermic
from charged reactants. Before presenting our data, we shall
make several points concerning the molecular products under
scrutiny.

The C2 molecule is found in a wide variety of astrophysi-
cal objects, ranging from comets, interstellar clouds, to the
atmosphere of carbon stars �1–3�. At present, no evidence
has been found for its cationic counterpart, i.e., the dicarbide
ion C2

+, though it is considered in the UMIST database for
astrochemistry as the product of the C++C radiative associa-
tion reaction. The cyanogen ion CN+ is also not reported in
interstellar clouds, though again it is considered in the
UMIST database, despite neutral cyanogen being one of the
first molecules to be detected �4�. A possible explanation for
this nondetection is that the C2

+ and CN+ radicals are very
efficiently removed by a wide range of ion-molecule reac-
tions. Carbon monoxide cation CO+ is the only molecular
cation of the three that has been detected in the interstellar
medium so far, though it is not plentiful at the interfaces
between molecular clouds and HII regions around massive O

stars �5,6� where it is removed by fast conversion of CO+

into HCO+ by reaction with H2. On the other hand, CO+

usually has significant abundance in the hot layers of photon-
dominated regions �called PDRs�, where a significant frac-
tion of hydrogen is present in atomic form.

As a matter of fact, associative ionization reactions
from charged reactants, namely, C−+C+→C2

++e−,
C−+N+→CN++e−, and C−+O+→CO++e−, are not at all
considered in reaction schemes and astrophysical databases,
due to the weak abundance of the negative ions that are
easily removed by radiation or charge exchange. Our point is
that this undeniable fragility could somehow be balanced by
the very large efficiency of the AI process, and therefore that
this latter reaction should definitely be taken into account.
Our communication is divided as follows. A brief description
of the experimental setup is given first. It is followed by a
presentation and a discussion of our results that are put in
perspective with existing data. A conclusion is then drawn.

II. EXPERIMENTAL PROCEDURE AND SETUP

The merged-beam apparatus, pumped in high vacuum and
divided into four sections, was described in Ref. �7�. The first
section contains the ion sources, the mass selectors, and all
the beam optics. We have replaced the duoplasmatron ion
source with a high-intensity cesium-sputtering ion source in
order to produce the negative ion beam C−. The cationic
beams were produced with an electron cyclotron resonance
�ECR� source, and the C+ cations on the one hand, N+ and
O+ on the other hand, were produced from electron impact
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dissociation of carbon monoxide and nitrous oxide, respec-
tively. The two ionic beams are further merged in the second
section. The third section, pumped in ultrahigh vacuum, cor-
responds to the �6.8�0.2�-cm-long interaction region. The
primary and product ion beams are deviated and their inten-
sities recorded in the last section by means of a magnetic
analyser. A cylindrical deflector guides the reaction products
towards a channel electron multiplier to be counted. The fol-
lowing relation relates the number of events N that occur
during the acquisition time T to the absolute integral cross
section �:

N�T� = �
vr

q1q2v1v2
F� I1�t�I2�t�dt , �1�

where vr, v1, v2, q1, q2, I1, I2 represent the relative velocity,
the beam velocities in the laboratory frame, their charges and
their current, respectively. The so-called time-independent
form factor F accounts for the degree of overlap of the two
interacting beams. It is a nontrivial parameter to evaluate, but
one might overcome this difficulty by making use of the core
of the reactant beams. This collimation minimizes the effects
of the angular and energetic dispersions. In addition to this,
we have carried out detailed numerical simulations, which
showed that the relative velocity distribution at 0 eV nomi-
nal energy follows a Maxwellian distribution, with an
equivalent temperature of about 90 K. Therefore, due to the
finite-energy resolution of our apparatus, we have restricted
our data presentation to center-of-mass energies greater than
10 meV. The interaction length that enters the form factor is
fixed by applying a bias voltage to a set of electrodes that
simultaneously determine the interaction energy, as the ions
speed up or slow down when entering the bias region, and
allow for product discrimination.

III. RESULTS AND DISCUSSION

Two issues have first to be addressed: the electronic exci-
tation of the primary ions and the internal excitation of the
molecular products. We recall the conclusion of Ref. �7� con-
cerning the singly positively charged primary ions since
these have been produced with the same experimental proto-
col. We have populated the 4P state in our carbon ion beam,
in addition to the 2P ground state �8�. Electronically excited
N+�1D , 1S� �9� and O+�2D� �10� cations were also present, in
addition to the 3P and 4S ground states, respectively, but in
unknown proportions. With regard to the negatively charged
primary ions, the situation differs from the O− case, the ar-
chetype of an anion with a unique bound state. The C− ion
has two bound states: the 4S3/2 ground state and the 2D meta-
stable state, both arising from a 2p3 configuration �11,12�.
Since the corresponding electron affinities relative to the par-
ent 2p3 3P0 ground state are 1.26 eV and 0.033 eV, respec-
tively, it is clear that the fragile 2D metastable state would
not have survived its time of flight up to the interaction re-
gion.

We now have to focus on the electronic and rovibrational
excitation of the molecular products, C2

+, CN+, and CO+.
The situation with the electronic states of C2

+ is rather com-

plex, and is still a matter of some controversy due to the
density of the electronic spectrum. Fourteen of these states
can be populated at 0 eV: X 4�g

−, a 2�u �0.5 eV� �13�, A 4�g
�1.2 eV� �14�, b 2�g �1.4 eV� �15�, c 2�g

+ �1.7 eV� �16�,
d 2�g

− �1.8 eV� �15�, e 2�u �1.9 eV� �16�, B 4�u
− �2.4 eV�

�17�, f 2�g �2.9 eV�, C 4�u �3.4 eV�, D 4�u
+ �3.5 eV�, g 2�u

+

�3.6 eV�, h 2�u
− �3.7 eV�, and i 2�u �4.3 eV� �15�.

As for C2
+, the situation with the electronic states of CN+

is also rather complex: the assignment and location of the
excited states are taken from Hirst �18�. Fifteen of these
states can be populated at 0 eV, with the two lowest states
quasidegenerate in energy. These are X 1�+, a 3� �0.08 eV�,
A 1� �1.03 eV�, b 3�− �1.09 eV�, c 3�+ �1.36 eV�, B 1�
�2.17 eV�, C 1�+ �2.74 eV�, d 3� �3.52 eV�, 5� �3.59 eV�,
D 1�− �4.03 eV�, e 3� �5.11 eV�, f 3� �5.62 eV�, E 1�
�5.87 eV�, F 1�+ �5.87 eV�, and g 3� �5.88 eV�.

In a similar manner, thirteen states—adapted from Honjou
�19�—can be reached in the CO+ production: X 2�+, A 2�
�2.83 eV�, a 4�+ �5.10 eV�, B 2�+ �5.93 eV�, b 4�
�6.72 eV�, C 4� �6.79 eV�, d 4�− �7.35 eV�, C 2�
�8.19 eV�, D 2�− �8.25 eV�, E 2� �8.36 eV�, 6�+ �9.08 eV�,
F 2� �9.24 eV�, and G 2� �9.27 eV�. It is worth mentioning
that for a given electronic state, the AI process populates any
rovibrational level that is energetically accessible. Therefore,
our measurements refer to integral AI cross sections for ex-
cited molecular ions.

The integral cross sections along the C−+ �C+,N+,O+�
channels are displayed in Fig. 1 for the associative ionization
as a function of the collision energy E, with the vertical error
bars representing the statistical uncertainties. The cross sec-
tions for C−+C+ are larger than those for C−+N+, themselves
larger than those for C−+O+, that is to say, cross sections of
400, 120, and 50 Å2 at 10 meV, respectively. This being
rather a coincidence, it is worth noticing that the same trend
was observed along the O−+ �C+,N+,O+� sequence �7�.

Would this mean that the associative ionization process is
dominated by the cationic reactants? From a quantitative
point of view, several parameters are indeed critical to the

FIG. 1. �Color online� Integral cross sections for the associative
ionization process along the C−+C+ channel �open circles�, along
the C−+N+ channel �full triangles� and along the C−+O+ channel
�open triangles�.
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efficiency of the AI process, such as the number and location
of the molecular-cation electronic states with respect to the
entrance channel.

A first key parameter concerns the energetics of the dif-
ferent reactions. The lowest reaction channels are listed, with
the exception of CN+�3��+e− and C+�2P�+N�2D�+e−.

C−�4S� + C+�2P��	6.5 eV� → C2�X 1�g
+� + h
�16.30 eV� ,

�2a�

C�3P� + C�3P� + 10.00 eV, �2b�

C2
+�X 4�g

−� + e− + 4.90 eV, �2c�

C�3P� + C+�2P� + e− − 1.26 eV, �2d�

C−�4S� + N+�3P��	3.0 eV� → CN�X 2�+� + h
�20.98 eV� ,

�3a�

C�3P� + N�4S� + 13.27 eV, �3b�

CN+�X 1�+� + e− + 6.99 eV, �3c�

CN+�a 3�� + e− + 6.91 eV, �3d�

C+�2P� + N�4S� + e− + 2.01 eV, �3e�

C+�2P� + N�2D� + e− − 0.37 eV, �3f�

C�3P� + N+�3P� + e− − 1.26 eV, �3g�

C−�4S� + O+�4S��	5.0 eV� → CO�X 1�+� + h
�23.45 eV� ,

�4a�

C�3P� + O�3P� + 12.36 eV, �4b�

CO+�X 2�+� + e− + 9.44 eV, �4c�

C+�2P� + O−�2P� + 2.56 eV, �4d�

C+�2P� + O�3P� + e− + 1.10 eV, �4e�

C�3P� + O+�4S� + e− − 1.26 eV. �4f�

The asymptotic limit of CO+ �X 2�+� is C+�2P�+O�3P�,
situated below the entrance channel. As a consequence, auto-
ionization may take place in the vibrational continuum of the
molecular ion, identified with channel �4e�. For the C−+N+

case, the dissociation limits of the lowest electronic states of
the product molecular ion, i.e., 1�+ and 3�, reactions �3c�
and �3d�, are located slightly above and below the entrance
channel, as they correspond to the transfer-ionization chan-
nels �3e� and �3f�, respectively. Hence this competition af-
fects the AI yield in a stepwise manner, the ground-state
dissociation being responsible for the wavy structure of the

cross section around 0.4 eV, while the 3� contribution is
already reduced at zero energy. A similar competing channel,
detachment reaction �2d�, affects the C++C− AI cross section
above 1.8 eV.

The energy dependence of the cross sections is best seen
in a reduced ��E representation in Fig. 2. Below 0.1 eV,
the cross-section curves follow the model cross section dis-
played in full lines corresponding to the pure Coulomb case,
i.e., ��E−1. The departure at very low energy from a straight
line obtained in the logarithmic representation is due to the
finite resolution in our apparatus. Between 0.1 and 1.8 eV,
an increase of the C++C− reduced cross section is observed.
This departure from the E−1 dependence is interpreted as an
increase in the number of rovibrational states accessed by
autoionization, hence in the reaction probability. The ob-
served energy shift, from 1.26 to 1.8 eV, has been explained
by the population of rotationally excited states whose tunnel-
ing time through the centrifugal barrier greatly exceeds the
time of flight to the detector. The absence of such a behavior
in the C−+N+ and C−+O+ cases is consistent with the fact
that all or most of the bound states of the molecular ion lie
below the entrance channel asymptote, saturating the reac-
tion probability at low energy. An additional consequence is
that CN+ and CO+ products are formed with maximal rovi-
brational excitation, while C2

+ ions are not.
The number of states of ionic nature that correlate to the

entrance channel, their locations and subsequent curve
crossings—with the cationic and covalent states—are also of
prime importance. Since those are poorly characterized in the
literature at any level of theory and even none at all, we have
performed exploratory ab initio calculations in order to
qualitatively describe the major pathways underlining our AI
experiments.

Calculating all possible neutral and ionic electronic states
correlating to the entrance and outgoing channels in an ex-
haustive way and the task of solving the nonadiabatic dy-
namics on the calculated potential energy curves is unfortu-
nately too demanding, feasible only for few-electron
systems. Such calculations should indeed consider the huge
number of excited states arising from the highly degenerate

FIG. 2. �Color online� �E representation for the associative ion-
ization process. Same symbols as in Figure 1.
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dissociation channels. Furthermore, they should consider the
difficult task of describing the strong electron correlation ef-
fects occurring in such a system, and the real challenge to
reach the correct energy balance between neutral n-electron
and ionic �n+1�-or �n−1�-correlated systems. In order to
take such effects into account, we used variational multicon-
figurational ab initio methods taking the full valence electron
correlation into account.

For simplifying the problem, we decided to limit our cal-
culations to the CO system, and to focus only on the states of
1�+ symmetry for neutral CO and of 2�+ symmetry for cat-
ionic CO+. The goal of these calculations is to characterize
the reactive pathways in this particular case. Calculations
were performed with the MOLPRO quantum chemistry code
�20� using the complete active space self-consistent field
�CASSCF� approach �21� completed by pointwise multiref-
erence configuration interaction �MRCI� calculations �22�.
Augmented polarized correlation consistent aug-ccp valence
triple zeta �VTZ� �23� and aug-ccp valence 5 zeta �V5Z� �24�
basis sets were employed for their completeness and flexibil-
ity, as shown in recent work on the isomerization process of
neutral and cationic acetylene into vinylidene �25�. The ad-
vantage of such a multiconfigurational approach in which
both orbitals and configuration mixing coefficients are varia-
tionally optimized is that it provides a deep analysis of the
electronic changes occurring upon variation of the internu-
clear distance. The results are presented in Figs. 3 and 4.

The simple one-electron picture of the reaction partners is
first depicted in Fig. 3, in the form of a molecular orbital
�MO� correlation diagram. It tells us, as explained in text-
books, that forming CO from neutral atoms implies a stabi-
lization of MOs 1� to 5� and 1, which are bonding MOs,

while 2 and 6� are the antibonding counterparts of 5� and
1. This explains the stability of the 1�+ ground state of CO
arising from the closed-shell ground configuration. It also
explains why the spectroscopic evidence �26� points to only
a few excited valence states at energies above 6 eV from the
ground state, that arise from singly excited configurations
from 5� and 1 to 2. Another interesting point is the sta-
bilization �destabilization� of the 2s and 2p atomic orbitals
upon positive �negative� ionization, these effects being sub-
stantially more pronounced for the pair C−+O+ than for O−

+C+. Figure 4 displays the CASSCF aug-ccpVTZ adiabatic
potential energy curves corresponding to the 12 lowest 1�+

states of CO �full lines� and the four lowest 2�+ states of
CO+ �dotted lines�. States correlating to the low-lying neutral
and ionic dissociation channels are also represented. The two
higher-energy curves of neutral CO dissociate to the first
C+�2P�+O−�2P� and C−�4S� and O+�4S� ionic channels, re-
spectively. Since the relative energies are already of reason-
able accuracy at the CASSCF level of theory, we only
checked by pointwise MRCI calculations that dynamical cor-
relation improves these energies, but does not change signifi-
cantly the global shape of the potential curves and the elec-
tronic content of the wave functions. An extension of the
basis set to aug-ccpV5Z was also tested, but it does not

FIG. 3. Molecular orbital correlation diagram from CASSCF
aug-ccpVTZ calculations. Full lines and dashed lines correspond to
bonding and antibonding behavior with respect to the ground-state
orbital energies of neutral atoms C and O.

0

5

10

15

20

25

30

35

1.0 1.5 2.0 2.5 3.0 3.5

E
(e
V
)

R (Å)

CO
1
�
+

CO
+ 2

�
+

C (
3
P) + O (

3
P)

C (
1
D) + O (

1
D)

C (
1
S) + O (

1
D)

C (
1
D) + O (

1
S)

C (
1
S) + O (

1
S)

C
+
(
2
P) + O

-
(
2
P)

C
+
(
2
P) + O (

3
P)

C
+
(
2
P) + O (

1
D)

C
+
(
2
P) + O (

1
S)

C
-
(
4
S) + O

+
(
4
S)

CO (X
1
�
+
)

CO
+
(X

2
�
+
)

FIG. 4. �Color online� Ab initio CASSCF aug-ccpVTZ potential
energy curves of �+ symmetry of CO �full lines� and CO+ �dotted
lines�. The diabatic pathway allowing the C−+O+ entrance channel
to reach autoionization is shown by a bold dashed line. The rectan-
gular box indicates the region where autoionization occurs.

LE PADELLEC et al. PHYSICAL REVIEW A 78, 062705 �2008�

062705-4



change the latter conclusions. We thus believe that the pic-
ture provided in Fig. 4 is relevant for discussing AI path-
ways. Numerous avoided crossings clearly appear and nona-
diabatic coupling is expected to play a decisive role in the
reaction dynamics. Of particular interest is the C−+O+ en-
trance channel �in boldface on the figure�, exhibiting a stabi-
lizing diabatic trip across the lower-lying states, as depicted
by the bold dashed line. One expects that a wave packet
following this descending path will cross the energy region
where it can mix with the continuum states of the molecular
ionic species. Autoionization is thus expected to take place in
the region marked by a rectangular box in the figure. A com-
plete analysis of the CASSCF wave functions has been un-
dertaken in order to interpret this process in terms of con-
figuration changes. It shows that the entrance C−�4S� and
O+�4S� channel diabatically crosses the lower curves with a
progressive admixture of a configuration corresponding to a
diexcitation from 5� 1 to 6� 2 applied to the ground-state
configuration. This configuration becomes dominant in the
eighth neutral state around 1.5 Å and in the sixth one around
1.2 Å. Analyzing the MOs and calculating the electron
atomic populations tells us that this configuration corre-
sponds to an ionic C−+O+ electronic structure. The stabili-
zation of this structure promoting autoionization can be ex-
plained by the enhancement of the stability of the inner
shells �3�, 4�, and 1 correlating to 2s and 2p of O+, as
shown in Fig. 3� when going from C+O to C−+O+. The
above discussion is of course restricted to a single symmetry
species of CO and CO+. The calculations should be repeated
for all possible space and spin symmetries arising from the
considered dissociation limits. Such calculations, not per-
formed in the present work, would provide a large number of
potential energy curves that should be superimposed to those
of Fig. 4 for getting the overall energy landscape governing
the dynamics. We believe that such a complete description
that would require large amounts of computer time is not
necessary for predicting the possible autoionization path-
ways. One can indeed predict that similar crossing channels
should occur in other symmetries and that the dynamics will
depend on the statistic of population of the contributing
channels, as will be discussed now.

When colliding two atomic species with given spin states
and angular momenta, a restricted set of total spin and �
symmetries are populated. However, not all of them may
lead to the formation of ground-state molecular ions upon
ejection of an electron. A severe limiting factor of the total
reaction probability arises from the statistical counting of
contributing channels. As an example, C−�4S�+O+�4S� colli-
sions occur along � states only, with total spin 3, 2, 1 and 0,
hence a total multiplicity of 16. On the other hand, the CO+

ground state has 2� symmetry, which together with the
ejected electron allows for total spin 1 or 0. Hence, only
4 /16 of the collisions can possibly contribute to AI. Table I
lists all ion-pair combinations and corresponding total-spin S
values, together with spin states allowed to autoionize to
ground-state ions. We ignore the distinction of � symmetries
as this quantum number may be carried away by the depart-
ing electron.

For CN+, the inclusion of the low-lying 3� state increases
the number of efficient channels from 1 /6 to 1 /2. With this

provision, the statistical treatment yields the correct ordering
of the cross sections, i.e., 1 : 1

2 : 1
4 for C+, N+, and O+, respec-

tively. The same statistical argument, when applied to our
previous study of O−+ �C+,N+,O+� collisions �7�, gives
1:1 : 3

8 for C+, N+, and O+, respectively, when including the
a 3�+ state of NO+, to be compared with the values measured
at 10 meV, 370:240:80 Å2.

The efficiency of the AI process has also to be discussed
in terms of an interplay with other competing processes, and
among them the very effective and always open mutual-
neutralization �MN� process. We do not discuss the negli-
gible contribution of the radiative association process, i.e.,
channels �2a�, �3a�, and �4a�. The evaluation of the number
of covalent pairs that sit below each of the three ionic en-
trance channels gives an estimate of the associating flux that
goes to the MN, a flux which is therefore not available to
leak into AI channels. There are 144 of these pairs between
C+�2P�+C−�4S� and C�3P�+C�3P�, i.e., within a 10 eV en-
ergy gap. The corresponding numbers are 1434 and 1031
between the C−�4S�+N+�3P� to C�3P�+N�4S� and C−�4S�
+O+�4S� to C�3P�+O�3P� pairs, respectively—energy gaps
of 13.27 and 12.36 eV. It follows that the MN process takes
a much larger flux in the association along the C−+N+ and
C−+O+ channels than in the C−+C+ case. As a consequence,
this gives more flux and therefore more probability for the
associative ionization to occur along the C−+C+ channel,
corroborating the other observations.

We shall now compare the C−+O+ and O−+C+ channels
whose respective AI processes are displayed in Fig. 5. Within
the energy range under consideration, the situation for the
O−+C+ channel is the following:

O−�2P� + C+�2P��	14.0 eV� → CO�X 1�+� + h
�20.89 eV� ,

�5a�

C�3P� + O�3P� + 9.80 eV, �5b�

CO+�X 2�+� + e− + 6.88 eV, �5c�

TABLE I. Allowed spin symmetries in the entrance and exit
channels, for C− and O− AI reactions with C+, N+ and O+.

2s1+1L1+ 2s2+1L2 S 2s+1� s�1 /2

C−+C+ 4S+ 2P 1, 2 4� 1, 2

C−+N+ 4S+ 3P
1

2
,

3

2
,

5

2
1�

1

2
3�

1

2
,

3

2
C−+O+ 4S+ 4S 0, 1, 2, 3 2� 0, 1

O−+C+ 2P+ 2P 0, 1 2� 0, 1

O−+N+ 2P+ 3P
1

2
,

3

2
1�

1

2
3�

1

2
,

3

2
O−+O+ 2P+ 4S 1, 2 2� 0, 1
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C+�2P� + O�3P� + e− − 1.46 eV, �5d�

C−�4S� + O+�4S� − 2.56 eV, �5e�

C�3P� + O+�4S� + e− − 3.82 eV. �5f�

The two AI channels lead to the very same molecular ion
CO+, not necessarily produced with the same internal exci-
tation. We recall first a few points of discussion that are
relative to the O−+C+ channel �see Ref. �7� for details�. Be-
tween 0.04 and 1 eV, only a structureless E−1 energy depen-
dence was seen, as well as a weak positive signal on top of
this dependence above 1 eV. Some extra signal, due to the
increasing number of accessible rovibrational levels in CO+,
is present in the O−+C+ case but not in the C−+O+ case. This
is a result of all bound rovibrational levels of CO+ being
accessible at zero collision energy.

Considering the comparison of the AI efficiencies be-
tween the C−+O+ and O−+C+ channels, the AI cross sections
for the latter one are much larger ��370 Å2 at 10 meV� than
those found for the former ��50 Å2 at 10 meV�. The sub-
stantial reduction of the cross section in the C−+O+ case
demonstrates the strong competition exerted by the transfer-
ionization channel, C++O. This two-electron process seems
unlikely to compete with AI. One must, however, recognize
it as the vibrational continuum of the CO+ ground electronic
state to which autoionization takes place quite efficiently
above the CO+ dissociation limit. One additional fact may be
responsible for the experimental findings. Keeping in mind
that the C−�4S�+O+�4S� asymptote sits 2.56 eV above the
O−�2P�+C+�2P� limit, the states converging to
C−�4S�+O+�4S� cross many more covalent C+O states than
those arising from the O−�2P�+C+�2P� pair, with the net ef-
fect of favoring the mutual neutralization in the C−+O+ case
and subsequently hindering the corresponding associative
ionization process.

For the sake of completeness, it should be pointed out
that a similar finding was made with the D−+O+

and O−+D+ pairs �27� separated by 0.72 eV, the former pair
being the higher in energy and displaying the lower AI
efficiency, and vice versa. It also happens that the ratio
��O−+D+� /��D−+O+� over the energy gap of 0.72 eV
matches perfectly that of ��O−+C+� /��C−+O+� over the en-
ergy gap of 2.56 eV for the pairs under scrutiny, though we
consider that this is a coincidence. Though this has to be
considered cautiously, a positive consequence of all of this
would be the establishment of a scaling law, transposable to
other ion-pair systems.

Since the associative-ionization thermal rate coefficients
might be of some interest in plasma modeling, Fig. 6 dis-
plays them for the C−+C+, C−+N+, and C−+O+ pairs. These
are obtained by folding the measured cross sections with a
Maxwell-Boltzmann distribution, with the parameter �
standing for the reduced mass of the colliding system.

��T� =
8�

�2�kBT�3/2�
0

�

��E�E exp�− E/kBT�dE . �6�

One obtains rate values of 4.3, 1.5, and 0.5�10−9 cm3 s−1 at
30 K, for the production of C2

+, CN+, and CO+, respectively.

IV. CONCLUSION

This paper describes results that deal with the associative
ionization along the C−+ �C+,N+,O+� channels. The three
sets of measured integral cross-section curves point out a
quite efficient process since we have measured 400, 120, and
50 Å2 at 10 meV, from the C−+C+, C−+N+, and C−+O+

channels, respectively. The efficiencies were discussed in
terms of spin statistics, and one may reproduce the observed
ordering of the cross section by assuming substantial popu-
lation of triplet states when N+ is involved as a collision
partner. We identified the interplay with other nonassociating
channels that take a substantial part of the overall flux,
namely, transfer ionization and collisional detachment, and
the very efficient long-range mutual-neutralization process.

FIG. 5. �E representation for the associative ionization cross
section along the O−+C+ channel �open circles� from �7�, and along
the C−+O+ channel �open triangles�.

FIG. 6. �Color online�Thermal rate coefficients for the associa-
tive ionization as a function of the ionic temperature. The full line is
for the association along the C−+C+ channel, the dashed line for the
C−+N+ channel and the dotted line for the C−+O+ channel.
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From energetic considerations, we have shown that the C2
+

ions are produced with less internal energy than the CN+ and
CO+ ions. We have also compared the production of CO+

ions from the O−+C+ and C−+O+ pairs, and have found that
the O−+C+ channel produces CO+ ions colder than those
from the C−+O+ channel. The major reactive pathway of the
CO system has been characterized by means of an orbital
correlation diagram and by quantum ab initio calculations of
the low-lying potential energy curves of the neutral and cat-
ionic systems. We have shown that the entrance C−+O+

channel is diabatically crossing the lower-lying states, popu-
lated so a doubly excited configuration makes autoionization
possible. Last, assuming a Maxwell-Boltzmann distribution,

we deduced thermal rate coefficients from our data that are
useful to model plasmas.
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