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1.  Introduction

Carbon monoxide (CO) is the most abundant molecule 
detected in the interstellar medium after molecular hydrogen, 
and being heteronuclear, is much easier to detect in emissions. 
Its observation at long wavelengths, as in radio astronomy, is 

the source of much of the information obtained on different 
interstellar environments, from molecular clouds in which 
protostars form and irradiate the surrounding residual mate-
rial, to the circumstellar disks that surround stars at the end 
of their lives and to the cometary gases. Its spectrum has 
been intensively studied in the astrophysical context, since its 
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Abstract
The latest molecular data—potential energy curves and Rydberg/valence interactions—
characterizing the super-excited electronic states of CO are reviewed, in order to provide 
inputs for the study of their fragmentation dynamics. Starting from this input, the main paths 
and mechanisms for CO+ dissociative recombination are analyzed; its cross sections are 
computed using a method based on multichannel quantum defect theory. Convoluted 
cross sections, giving both isotropic and anisotropic Maxwellian rate coefficients, are 
compared with merged-beam and storage-ring experimental results. The calculated cross 
sections underestimate the measured ones by a factor of two, but display a very similar 
resonant shape. These facts confirm the quality of our approach for the dynamics, and call for 
more accurate and more extensive molecular structure calculations.
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large binding energy implies that many electronically excited 
states possess discrete line spectra; see Rosen et al (1998), 
Chakrabarti and Tennyson (2006, 2007), Eidelsberg et al 
(2012) and references therein. In all cases, under the influence 
of ultraviolet radiation produced during the stellar cycle, CO 
is the subject of a rich photochemistry, implying the formation 
of, among other species, its cation, CO+.

CO+ was the first molecular ion discovered outside of the 
Earth (Fowler 1909), and has been identified as a major con-
stituent of dense interstellar molecular clouds (Roueff et al 
2010). CO+ also occurs in flames (Krupente and Weissman 
1965, Seaton 1966, Mitchell and Hus 1985), and is expected 
to be very abundant in the plasmas formed by the hypersonic 
entry of spacecraft and comets into the Martian atmosphere 
(Park et al 1994, Bultel et al 2006). Cold plasmas containing 
a large number of molecules and molecular ions constitute a 
subject of rising scientific interest, involving more and more 
technological applications. CO+ is the most important of such 
molecular ionic species, since it occurs in practically all air-
assisted processes. Its dissociative recombination (DR) can be 
regarded as the main photochemical process of carbon loss 
from the Martian atmosphere (Fox 1999) and it is considered 
the major source of excited C(1D) atoms.

The kinetic description of all the above mentioned envi-
ronments requires a good knowledge of the rate coefficients 
of the dominant reactions, including those between electrons 
and molecular ions. As for the CO+ ions, their abundance is 
strongly affected by the DR:

+ → ++ + −vCO ( ) e C O,i� (1)

but is also affected by other related competitive processes, 
such as the inelastic >+ +v v( )f i  and superelastic <+ +v v( )f i  col-
lisions with electrons:

+ → ++ + − + + −v vCO ( ) e CO ( ) e .i f� (2)

Here +vi  and +vf  stand for the initial and final vibrational 
quantum number of the target ion, and rotational structure was 
neglected.

The pioneering theoretical study of the DR rate coefficient 
made by Guberman (2007) shows that the dominant routes 
for the DR process are curves of the 3Π, 1Π and 1Σ+ sym-
metries. Guberman calculated the rate constants at 300 K to 
be 4.2 × 10−7 cm3 s−1 for 12C16O+ and 2.9 × 10−7 cm3 s−1 for 
13C16O+. The most recent storage-ring experiments of Rosen 
et al (1998) gave a rate coefficient of 2.75  ×  10−7  cm3  s−1 
for 13C16O+, which is in good agreement with the calcu-
lations of Guberman. The earlier afterglow experiments 
(Geoghegan et al 1991) for 12C16O+ gave a rate coefficient of 
1.6 × 10−7 cm3 s−1, which does not agree with the theoretical 
calculations for =+v 0i  and may indicate that a proportion of 
the CO+ in that experiment was vibrationally excited.

Recently, a series of ab initio calculations for the CO states 
relevant to the DR (and of the couplings between them) have 
been performed by Chakrabarti and Tennyson (2006, 2007) 
using the R-matrix method. The data obtained make a new 
multichannel quantum defect theory (MQDT) investigation of 
the process over the whole energy range explored by the exper-
iments (Mitchell and Hus 1985, Rosen et al 1998) possible.

The main goal of the present work is to evaluate the DR cross 
sections and the thermal rate using the previously mentioned 
ab initio data of Chakrabarti and Tennyson (2006, 2007). The 
paper is structured in the following way. Section 2 outlines the 
main ideas and steps of our MQDT approach. Section 3 presents 
the molecular data used in the calculation. The main results are 
given in section 4 and the paper ends with conclusions.

2. The MQDT-type approach to DR

The MQDT approach (Giusti-Suzor 1980, Seaton 1983, 
Greene and Jungen 1985, Jungen 1996) has been shown to be 
a powerful method for the evaluation of the cross sections of 
the DR process. Although it has been applied with great suc-
cess to several diatomic systems like +H2 and its isotopologues 
(Giusti-Suzor et al 1983, Schneider et al 1991, Takagi 1993, 
Tanabe et al 1995, Schneider et al 1997, Amitay et al 1999), 

+O2 (Guberman and Giusti-Suzor 1991, Guberman 2000), 
NO+ (Sun and Nakamura 1990, Vâlcu et al 1998, Schneider 
et al 2000a) and triatomics like +H3 (Schneider et al 2000b, 
Kokoouline et al 2001, Kokoouline and Greene 2003), its 
application to vibrational transitions, mainly to superelastic 
collisions for NO+, is relatively recent (Ngassam et al 2003a, 
Motapon et al 2006).

We aim to describe the sensitivity of the reactive electron–
cation collisions to the vibrational levels involved. At least to 
a first approximation, rotational effects are known to be neg-
ligible for CO+ (Vâlcu et al 1998). The reasons for this rely 
on the weak Rydberg–valence interaction responsible for the 
indirect process: since the rotational structures and interactions 
play roles especially within the indirect mechanism (due to its 
resonant character), the weakness of this latter process implies 
that the rotational effects—if of any relevance—can be roughly 
restricted to the existence of the centrifugal barrier, due to the 
rotational excitation. But even in this latter context, rotation 
does not matter very much, since the target ion and the neu-
tral are equally excited and, consequently, the Franck–Condon 
overlaps (direct processes) do not change significantly with 
respect to those occurring for the case of rotationally ground 
states. However, this does not mean that the electron-impact 
rotational excitation is negligible (Faure and Tennyson 2001).

The theoretical summary given below is limited to an 
account of the vibrational structure and coupling, illustrated 
mainly for DR. However, the reader should keep in mind 
that the other competitive reactions—such as the superelastic 
collisions (SECs; >+ +v vi f  in equation  (2)), elastic collisions 
(ECs; =+ +)v vi f  and inelastic collisions (ICs; <+ +)v vi f —also 
occur and can display quite similar features.

The DR can take place following two mechanisms:

	 (a)	the direct process where the capture takes place into a 
dissociative state of the neutral system (CO**):

+ → ** → ++ + −vCO ( ) e CO C O;i� (3)

	(b)	the indirect process where the capture occurs via a 
Rydberg state of the molecule CO* which is predissoci-
ated by the CO** state:

Plasma Sources Sci. Technol. 24 (2015) 035005
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+ → * → ** → ++ + −vCO ( ) e CO CO C O.i� (4)

We note here that we follow the standard nomenclature in this 
work, namely CO** and CO* represent the doubly excited and 
singly excited states of CO respectively. In both of these pro-
cesses, autoionization is in competition with the predissocia-
tion and leads, through the reaction (2), to SECs, ECs or ICs.
The MQDT treatment of DR involves ionization channels 
(describing the electron–ion scattering) and dissociation chan-
nels (describing the atom–atom scattering). Each ionization 
channel consists of a Rydberg series of excited states, extrapo-
lated above the continuum threshold—a vibrational level v+ 
of the molecular ion. A channel is considered open if its cor-
responding threshold is situated below the total energy of the 
system, and closed in the opposite case. In the present work 
we have N+ = N (where N and N+  stand for the rotational 
quantum number of the neutral and ion, respectively), and as 
for the dissociative channels, only open channels are used.

The present MQDT approach is based on a descrip-
tion of molecular states in which only part of the electronic 
Hamiltonian is diagonalized, within subspaces of electronic 
states with similar natures. Moreover, we use a quasi-diabatic 
representation of molecular states (Sidis and Lefebvre-Brion 
1971) to cope with problems due to the avoided crossings of 
the potential energy curves. The short-range electronic inter-
actions between states of different subspaces are then repre-
sented in terms of an electronic coupling operator V given by

V χ χ′ = ∣ ∣Λ Λ Λ ΛE E R V R R( , ) ( ) ( ) ( ) ,d lv d d l v, ,j j j� (5)

which couples the ionization channels (labeled with lv) to 
the dissociative channels (labeled with dj). Starting from V,  
one can build the short-range reaction matrix K, which is a 
solution of the Lippmann–Schwinger integro-differential 
equation:

K V V K= +
− HE

1
,

0
� (6)

H0 being the zeroth-order Hamiltonian associated with the 
molecular system, i.e. the Hamiltonian operator excluding 
the interaction potential V. The short-range effects are 
valid in the region of small electron–ion and nuclei–nuclei 
distances, namely in the ‘A-region’ (Jungen and Atabek 
1977) where the Born–Oppenheimer representation is 
appropriate for the description of the colliding system. 
Here, the energy dependence of the electronic couplings 
can be neglected. In the case of weak coupling, a perturba-
tive solution of equation (6) can be obtained. This solution 
has been proved to be exact to second order in the case 
of energy-independent electronic couplings (Ngassam et 
al 2003b). In the external zone, the ‘B-region’ (Jungen 
and Atabek 1977) represented by large electron–core dis-
tances, the Born–Oppenheimer model is no longer valid 
for the ionization channels and a close coupling repre-
sentation in terms of ‘a molecular ion plus an electron’ is 
more appropriate. This corresponds to a frame transforma-
tion defined by the projection coefficients:

C ∑ χ πμ η χ= ⟨ ∣ + ∣ ⟩α α αΛ Λ Λ Λ Λ+ +U Rcos ( ( ) ) ,lv

v
lv v l v, ,� (7)

C η=α α αΛ Λ ΛU cos ,d d,j j� (8)

S ∑ χ πμ η χ= ⟨ ∣ + ∣ ⟩α α αΛ Λ Λ Λ Λ+ +U Rsin ( ( ) ) ,lv

v
lv v l v, ,� (9)

S η=α α αΛ Λ ΛU sin .d d,j j� (10)

Here, χ +v  is the vibrational wavefunction of the molecular ion, 
and χ Λ

v  is a vibrational wavefunction adapted to the interac-
tion region (A-region). The index α denotes the eigenchan-
nels built through the diagonalization of the reaction matrix 
K in equation (6), and α

ΛUlv,  and ηα
Λ are related to the corre-

sponding eigenvectors and eigenvalues, while Λ refers to the 
electronic symmetry of the neutral species (1Σ+, 1Π, and 3Π in 
the present study).

The projection coefficients shown in (7)–(10) include 
the two kinds of couplings controlling the process: the elec-
tronic coupling, expressed by the elements of the matrices U 
and η, and the non-adiabatic coupling between the ioniza-
tion channels, expressed by the matrix elements involving 
the quantum defect μΛ

l . This latter interaction is favored by 
the variation of the quantum defect with the internuclear  
distance R. The matrices C and S with the elements given 
by (7)–(10) are the building blocks of the ‘generalized’ scat-
tering matrix X:

C S
C S

= +
−

X
i

i
,� (11)

whereas the ‘proper’ scattering matrix, restricted to the open 
channels, is given by Seaton (1983)

νπ
= −

− −
S X X

X
X

1

exp ( i 2 )
.oo oc

cc
co� (12)

More precisely, the physical S-matrix is obtained from the 
2 × 2 submatrices of X involving the open (o) and closed (c) 
channels, and from the diagonal matrix ν containing the effec-
tive quantum numbers ν = − −+ +E E[2( ) ]v v

1/2 (in atomic units) 
associated with each vibrational threshold +Ev  of the ion situ-
ated above the current energy E. For a molecular ion initially 
in vibrational level +vi  and recombining with an electron of 
energy ε, the cross section for capture into all of the dissocia-
tive states dj of the same symmetry Λ is given by

∑ ∑σ ρ
ϵ← = ←Λ
Λ

Λ
+ +

π
S

4
| | ,v

j l
d lvdiss

2
ji i� (13)

where ρΛ is the ratio of the multiplicities of the neutral system 
and the ion. One has to perform the MQDT calculation for 
each group of dissociative states of symmetry Λ, and the sum 
over the resulting cross sections is the total DR cross section:

∑σ σ← = ←
Λ

Λ+ +.v vdiss dissi i� (14)

In a similar way, the cross section for a vibrational transition 
of a molecular ion from the initial level +vi  to the final level +vf  
is (excitation and/or de-excitation)

Plasma Sources Sci. Technol. 24 (2015) 035005
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∑σ ρ
ε← = ←Λ
Λ

′
′
Λ

+ + + +
π

S
4

| | ,v v
l l

l v lv
,

2
f i f i

� (15)

while the total cross section  for this vibrational transition 
reads

∑σ σ← = ←
Λ

Λ+ + + +.v v v vf i f i� (16)

3.  Molecular data

3.1.  Ab initio R-matrix calculations

The earliest attempts to compute excited states of CO relevant 
for the dissociative recombination and their autoionization 
widths go back to 1996 (Tennyson 1996a, 1996b), but they 
were restricted to a single geometry.

Ten years later, two of us (Chakrabarti and Tennyson 2006, 
Chakrabarti and Tennyson 2007) performed a much more 
detailed R-matrix calculation for a series of fixed geometries. 
These calculations used up to 14 lowest CO+ states in a close 
coupling expansion where each of these states was repre-
sented using a valence complete active space configuration 
interaction expansion. The calculations were repeated for 10 
different internuclear distances in the range of 1.5 a0–3.5 a0. 
Moreover, Chakrabarti and Tennyson (2007) computed posi-
tions and widths for a number of dissociative states, which 
appear as resonances in the R-matrix scattering calculations, 
as a function of the geometry. In particular, resonance states 
of electronic symmetry 1Σ+, 1Π and 3Π have been used in the 
present work, as the other symmetries are only very weakly 
coupled.

Although the R-matrix resonance calculations (Chakrabarti 
and Tennyson 2007) for the CO molecule have not been sub-
jected to comparisons and calibrations against all available 
spectroscopic data, some Rydberg states previously calcu-
lated by Tennyson (1996a) and Chakrabarti and Tennyson 
(2006) were. It was found that these Rydberg states are placed 
higher than the observed values, which is consistent with the 
variational nature of the R-matrix calculations. As a conse-
quence, for low ℓ values, the estimated quantum defects were 
uniformly lower by about 0.07 as compared to the avail-
able experimental data; see for example tables  4 and 5 in 
Chakrabarti and Tennyson (2006). The geometry-dependent 
study on CO also showed that the quantum defects depend 
weakly on the geometry except when the adiabatic curves are 
perturbed by an avoided crossing. This approach was success-
fully used by Schneider et al (2000a) to give greatly improved 
results for DR of NO+.

3.2.  Modeling of the dissociative curves

The DR cross section is extremely sensitive to the positions of 
the potential energy curves (PECs) of the neutral dissociative 
states with respect to that of the target ion. More specifically, 
a slight change of the point of crossing of the PEC of a neutral 
dissociative state with that of the ion ground state can lead to 
a significant change in the predicted DR cross section. The 

magnitude of this change is roughly proportional to the square 
of the Franck–Condon-type integral appearing in equation (5). 
This is an important issue here, as we use the approximate 
PECs of the dissociative states above the ion ground state pro-
duced by R-matrix calculations (Chakrabarti and Tennyson 
2006, Chakrabarti and Tennyson 2007). Indeed, for example, 
the crossing point of the lowest relevant 1Σ+ state was found 
to be at higher energy and at larger internuclear distance than 
those obtained previously using a de-perturbation procedure 
(Tchang-Brillet et al 1992) or ab initio quantum chemistry 
computations (Guberman 2007). Moreover, recent calcula-
tions (Lefebvre-Brion and Lewis 2007, Vázquez et al 2009, 
Lefebvre-Brion et al 2010) give PECs for the lowest neutral 
states relevant for DR that only partially agree with those from 
the other calculations mentioned above.

All of the available lower dissociative neutral states for the 
1Σ+ symmetry are shown in figure 1, where we have presented 
the PECs relevant for the present study. The zero of energy 
was chosen to be the lowest vibrational level of the ground 
electronic state of the molecular ion. At the same time the 
MQDT calculation requires, besides the dissociative curves, 
the couplings between the ion ground state and the neutral 
dissociative states. The R-matrix calculations of Chakrabarti 
and Tennyson (2007) systematically provide autoionization 
widths for a large number of states which contain informa-
tion about the required couplings. Such comprehensive data 
on couplings are not available from any other source. Thus we 
use their data in our dynamical study on DR but correct the 
PECs when this is needed. In this way we undertake a semi-
empirical calculation.

The dissociative (valence) states produce numerous 
avoided crossings when crossing the series of Rydberg 
states. On turning to the diabatic representation, these 
avoided crossings become ‘true’ crossings essential for the 
indirect process. A quasi-diabatic PEC may be constructed 
by smoothly connecting the resonant states obtained by 
scattering calculations to the asymptotic adiabatic states. 
A more detailed inspection of the available material, both 
diabatic and adiabatic, confirms the quality of the diabatic 
states obtained by Guberman (2007), justifying their use in 
the construction of quasi-diabatic PECs by matching them 
in the relevant range of internuclear distances. As a general 
rule, we apply a slight shift to the R-matrix PECs only if it 
is necessary in order to match them with the diabatic curves 
of Guberman (2007). This is clearly the case for the first 
state of 1Σ+ symmetry; see figure  1. No such behavior is 
visible for the second dissociative PEC, but we apply the 
same shift in quantum defect as we applied to connect the 
first state to its quasi-diabatic counterpart. Correlation with 
the proper asymptotic limits follows both the Wigner and  
Witmer (1928) rules and the adiabatic curves of Vázquez et al 
(2009), where they are available. In our model, we construct 
the lowest dissociative states as a function of the internuclear 
distance on the basis of a physically reasonable compromise 
between the available valence curves coming from all of 
the above cited authors. As an example, consider the lowest 
state of 1Σ+ symmetry. At the smaller internuclear distances, 
our quasi-diabatic PEC follows the R-matrix points of 
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Chakrabarti and Tennyson (2007). At larger internuclear dis-
tances we shift the R-matrix dissociative curve progressively 
in order to match them with those of Guberman (2007). This 
curve is used until its crosses the PEC of the molecular ion, 
and beyond, followed by a smooth connection to the lowest 
diabatic PEC of Lefebvre-Brion and Lewis (2007), which 
agrees very well with the asymptotic behavior of the lowest 
adiabatic potential energy curves of Vázquez at large inter-
nuclear distances. The dissociative curves constructed in 
this way will agree well with the PEC used by Guberman. 
A similar procedure is followed for all of the other excited 
states with different symmetries.

As regards the highest R-matrix dissociative PECs, we 
believe that they are robust, since the inherent errors in the 
R-matrix calculations decrease significantly within the degree 
of excitation. Finally, figure 2 shows the ion ground state and 
vibrational levels, and the adjusted dissociative curves used in 
the present calculations and their corresponding autoioniza-
tion widths coming from the R-matrix computations.

4.  Evaluation of the cross section using the  
MQDT-type approach

4.1.  Mechanisms and couplings

Using the set of molecular data (PECs and electronic cou-
plings) determined as described in the previous section, we 
performed a series of MQDT calculations of the DR cross sec-
tion, assuming the molecular ion to be initially in its electronic 
ground state Σ =+ +v(X , 0, 1, 2)2

i  and neglecting rotational and 
spin–orbit effects. The calculations were performed for the 
states with total symmetry of 1Σ+, 1Π and 3Π, while the num-
bers of dissociative states considered for each symmetry are 
indicated in figure 2.

We consider incident electron energies from 0.01 meV up 
to 3 eV. Since the dissociation energy of CO+(X2Σ+) is about 
8.5 eV, the majority of the 53 vibrational levels of the ion lie 
above the total energy of the CO+  +e system. These levels 
are associated with closed ionization channels, as defined in 
section  2, responsible for temporary resonant capture into 
Rydberg states. As the energy increases, more and more ioni-
zation channels become open, which can result in autoioni-
zation, leading to competitive processes like ICs and SECs, 
decreasing the flux of DR.

The direct electronic couplings between ionization and dis-
sociation channels—equation (5)—have been extracted from 
the autoionization widths of the valence states (Chakrabarti 
and Tennyson 2007).

Since a highly accurate solution of the Lippman–Schwinger 
system of integral equation  (6) is difficult to obtain (Pichl  
et al 2000, Takagi 2000), we take advantage of the fact that the 
couplings (among the ionization and dissociation channels) 
involved are small and a perturbative solution is acceptable. 
Following the main ideas of the earlier studies (Guberman and 
Giusti-Suzor 1991, Schneider et al 1991), we adopt a second-
order perturbative expansion, which accounts for all of the 
basic mechanisms involved in DR, including the indirect elec-
tronic interaction between the ionization channels.

The non-adiabatic couplings between the ionization chan-
nels rely (see equations (7) and (8)) on the R-dependences of 
the quantum defects, which have been evaluated using the ab 
initio calculations described in section 3.1.

For each dissociative channel available, we have consid-
ered the interaction with the most relevant series of Rydberg 
states, namely for 1Σ+ symmetry the lowest four partial waves 
(s, p, d and f) were considered, while for the 1Π and 3Π sym-
metries only the lowest three (s, p, d) have been used. For 
the sake of simplicity, figure  2 shows the so-called global 

Figure 1.  Electronic states relevant for dissociative recombination with 1Σ+ total symmetry. The ion ground state is shown in black; □, ∆ 
show the R-matrix data (Chakrabarti and Tennyson 2007) for the lowest two CO** states. The two continuous colored curves crossing the 
ion are the dissociative states obtained as outlined in section 3.2. The curves indicated in the legends refer to the curves from Guberman 
(2007), Lefebure-Brion and Lewis (2007) and Vázquez et al (2009).
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couplings which were constructed using the autoionization 
widths of Chakrabarti and Tennyson (2006, 2007), namely 

π= ΓΛ ∑ Λ( )V ( )/2d
l

d l,
1/2

j j
.

According to equation  (12), the interference between 
the direct process (involving open channels exclusively and 
described by the first term: Xoo) and the indirect one (involving 
closed as well as open channels and accounted for by the 
second term) results in the total process.

The role of the direct and indirect mechanisms in the DR 
process can be seen in figure 3. The full colored lines show 
the total cross sections  for the different symmetries used in 
the calculations, while dashed lines of the same color rep-
resent the cross sections  given by the direct process only.  
As one could expect from the magnitude of the valence–
Rydberg couplings (see figure 2), a strong dependence on the 
states and interactions can be observed. The majority of the 
cross section  is given by the 1Π and 1Σ+ symmetries, while 
the 3Π+ symmetry contributes only a small part. Moreover, 
for both states with Π symmetry, the indirect process plays a 
minor role for this ion; the magnitude of the total cross sec-
tion  is given by the direct process, and the indirect one is 
responsible for the resonance structures. This is most striking 
for the 1Π symmetry, where the total and direct-only cross sec-
tions lie on top of each other. The importance of the indirect 
mechanism is relevant for the 1Σ symmetry, where due to the 
destructive interference between the direct and indirect pro-
cesses the total cross section  is lowered by almost an order 

of magnitude compared to the direct one, at certain collision 
energies. The indirect processes give rise to broad resonance 
structures in the range of the collision energy of the present 
study. Even though the indirect process globally plays a minor 
role, evaluating its effect gives increased insight into the 
recombination mechanism.

The levels of importance of the different dissociation 
paths in our calculation are summarized in table 1. Our cal-
culated final state distributions are compared with the experi-
mental values of Rosen et al (1998) for four relative collision 
(detuning) energies. For zero collision energy the statistical 
error was evaluated to be about 5%, while for higher energy 
values, due to the poor statistics, it is around 30%.

The dominant dissociation pathway for the DR of the CO+ 
is the one which correlates with the C(3P)  +  O(3P) atomic 
limits. Table  1 shows a qualitative agreement between the  
calculated and the measured final state distributions. The 
agreement is good at low collision energies. At higher ener-
gies, the two sets of data disagree, mainly due to the increased 
experimental statistical errors and the fact that our model lacks 
a dissociating pathway correlating with the C(3P)  +  O(1D) 
atomic limits.

5.  Results and discussion

The DR cross sections  corresponding to the three symme-
tries contributing to the process (1Σ+, 1Π and 3Π), summed 

Figure 2.  The dissociative curves and couplings relevant for CO+ dissociative recombination for the symmetries indicated in each figure. 
Top panel: the adjusted potential energy curves (see section 3), the ion ground state and the first ten vibrational levels are represented in 
black. Bottom panel: couplings between the valence dissociative states and the ionization continua.
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Figure 3.  Cross sections for the direct (dashed lines) and the total (direct plus indirect) processes (continuous lines), for a vibrationally 
relaxed target in electronic states with 1Σ+ (black), 1Π (red) and 3Π (blue) symmetries.
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Table 1.  The calculated final state distributions and their comparison with the experimental values for four relative collision (detuning) 
energies.

Dissociation
path

Energy (eV)

10−5 0.4 1 1.5

Calc. (%) Exp.a (%) Calc. (%) Exp. (%) Calc. (%) Exp. (%) Calc. (%) Exp. (%)

C(3P) + O(3P) 86.56 76.1 80.85 53 43.25 39 50.93 38
C(3P) + O(1D) — 9.4 — 8 — 15 — 11
C(1D) + O(3P) 13.41 14.5 19.15 34 9.61 35 4.50 35
C(1S) + O(3P) 0.0 <10−5 5 <10−2 5
C(1D) + O(1D) 5 47.14 6 44.56 11
C(3P) + O(1S) ∼ 10−11

C(1S) + O(1D) — — — ∼ 10−7 —

a (Rosen et al 1998).

Figure 4.  Cross sections for the total (direct plus indirect) DR process for a vibrationally relaxed target including the summed contributions 
of the states with 1Σ+, 1Π and 3Π symmetry. The experimental results of Mitchell and Hus (1985) are shown with a dotted line with full 
violet diamonds, while those of Rosen et al (1998) are shown with a dotted line with full blue circles.
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according to equation (14), are shown in figure 4. The cal-
culations have been performed for the 12C16O+ isotopologue 
of the cation. The total cross section is characterized by res-
onance structures, superimposed on a smooth background 
(direct process only). The strong interaction between the 
closed channels, associated with higher vibrational ion 
levels and the current dissociative states, contaminates, 
via non-adiabatic or indirect electronic coupling, the direct 
interaction between the entrance and the dissociative chan-
nels. This results in a stronger capture probability, and con-
sequently a higher DR cross section, which leads to the rich 
resonance structures observed in the total cross section. The 
direct DR cross section is proportional to the square of the 
Franck–Condon overlap, of the type seen in equation  (5), 
between the vibrational wavefunctions of the ion and the 
dissociation state of the neutral. The favorable crossings at 

lower collision energies of the dissociation states correlating 
with the C(3P)  +  O(3P) and C(1D)  +  O(1D) atomic limits 
(blue and cyan curves in figure  2) with the ionic ground 
state (black curve in the same figure) and the significant 
couplings to the entrance channel are responsible for the 
large contribution from the direct DR cross sections  to all 
three of the symmetries used in the calculations. This is the 
smooth background cross section on which the contribution 
from the indirect process is superimposed, resulting in the 
total cross section shown in figure 4. The closed ionization 
channels are those responsible for the temporary capture 
into the Rydberg states and consequently into the indirect 
mechanism. There are an increasing number of resonance 
states of all symmetries at higher energies, and some or all 
of these can participate in the DR process via the channel 
mixing mechanism.

Figure 5.  Anisotropic rate coefficients for a vibrationally relaxed target. Experimental results (Rosen et al 1998) are in given in black with 
filled circles. Our theoretical results, for all symmetries considered here, are shown in red.
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Figure 6.  Isotropic rate coefficients for a vibrationally relaxed target. Our theoretical results, for all symmetries considered here, are 
represented by magenta dotted lines. The experimental results are shown as follows: Mitchell and Hus (1985), green dashed line; Rosen 
et al (1998), black solid line; Geoghegan et al (1991), blue diamonds; Mentzoni and Donohoe (1968), red circles; and Laubé et al (1998), 
violet squares.
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The role of each dissociation channel depends on the energy 
of the incident electron. At higher collision energies, when the 
other two dissociation channels become open (magenta and 
red curves in figure 2), due to their less favorable crossings 
with the ionic ground state, the indirect process gains impor-
tance, leading to the resonance structures in the total cross 
section. We have included all of the contributions of the dis-
sociative channels in our calculations.

In view of the comparison with the storage-ring measure-
ments, we have convoluted our MQDT cross sections  with 
the anisotropic Maxwell velocity distribution function for 
the electrons. The transverse and longitudinal temperatures 
are KBT⊥  =  1  meV and KBT∥  =  10  meV, respectively. The  
calculated anisotropic rate coefficient (magenta) and the meas-
ured one (green) (Rosen et al 1998) are shown in figure  5. 

The overall agreement with experimental values is good; our 
calculated rate coefficient reproduces perfectly the trends of 
the experimental curves, underestimating them on average by 
a factor of 2.

We have evaluated in addition to the anisotropic rate 
coefficients, starting from the computed cross section, the 
Maxwell isotropic rate coefficient as well, for a broad range of  
electronic temperatures, relevant especially for cold non- 
equilibrium plasmas. The rate for =+v 0i  is displayed in 
figure 6; its thermal value (300 K) is in excellent agreement 
with the measured values obtained in a merged beam by 
Mitchell and Hus (1985) and Laubé et al (1998), as well as 
storage-ring-based (Rosen et al 1998) collision experiments. 
The rate coefficients of Mentzoni and Donohoe (1968) pre-
sented as red circles in the figure  are higher than the other 

Figure 7.  Total DR cross sections for different initial vibrational levels of the ion, for all of the symmetries considered. Black continuous 
lines stand for =+v 0i , while the red dotted and green dashed lines stand for =+v 1i  and 2, respectively.
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measurements, probably due to the presence of CO+·(CO)n 
clusters in the sample, as was pointed out by Whitaker et al 
(1981). Moreover, our calculations show a much smaller iso-
topic effect than was found by Guberman (2007), having a 
mean deviation of 0.43% (due to the different nuclear reduced 
masses) between the two isotopologues.

Finally, we have calculated dissociative recombination, 
and vibrational excitation (VE) and de-excitation (VdE) cross 
sections for different vibrational levels in the entrance chan-
nels, namely for =+v 1i  and 2, and compared with the cross 
sections  found for =+v 0i . The comparison of the DR cross 
sections  can be seen in figure 7. We find that the DR cross 
section for the ground vibrational levels exceeds significantly, 
by more than a factor of 2, those for =+v 1i  and 2, whereas the 
latter have similar rates.

Figure 8 shows the total DR and vibrational transition (VE, 
VdE) rate coefficients for the three initial vibrational levels of 
the ion. We find the highest rates for all of the processes for 

=+v 0i  ; their magnitude decreases with excitation of the ini-
tial ionic vibrational level, except for the Δ = − = −+ +v v v 1f i  
de-excitation transitions where =+v 2i  gives higher rates. The 
trends of the observables are the same for the cross section and 
the rate coefficients. Thus one can conclude that whenever the 
initial sample can contain ions with excited vibrational levels, 
fully accounting for them will be important.

To aid the simple use of the rate coefficients shown in 
figure 8, we have fitted them using simple formulas. The cal-
culated DR rate coefficients for CO+ (v = 0, 1, 2) are repre-
sented by

∑= −α

=
+k T A T

B i

iT
( ) exp

( )
v v

i

v
i(CO ),

DR
e e

1

7

e

v

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥� (17)

over the electron temperature range Tmin < Te < 5000 K with 
Tmin = 100 K. The values given by equation (17) depart from 
the reference values by only a few per cent. The parameters 
Av, αv and Bv(i) are listed in table 2. The corresponding for-
mula for the vibrational transitions (VE and VdE) has the form

∑→ = → − →→α
′ ′′ ′ ′′

=

′ ′′
+ ′ ′′k T A T

B i

iT
( ) exp

( )
v v v v

i

v v
i(CO ),

VE,VdE
e e

1

7

e

v v

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥� (18)

over the electron temperature range Tmin  <  Te  <  5000  K. 
Again the values calculated using equation (18) depart from 
the reference values by only a few per cent. The parameters 
Tmin, Av′ → v′′, αv′ → v′′, and the different Bv′ → v′′(i) for i ∈ [1, 7] 
are listed in tables 3–5.

6.  Conclusion

This paper presents a theoretical study of DR of CO+ over 
a broad range of electron energies including several dis-
sociation states with different symmetries. Although our 
basic approach is ab initio, using such methods it is not yet 
possible to compute the position of the dissociative curves 
involved in the DR process accurately enough to give reli-
able results. We have therefore used potential curves derived 

from spectroscopic data on CO to calibrate the ab initio 
data. Our DR calculations using these calibrated curves give 
good agreement with the experimental data for low energy, 
up to about 3  eV, significantly improving on the results of 
previous studies. We note however the very recent study of 
DR of +N2 performed by Little et al (2014) based on fully ab 
initio potential energy curves and couplings computed with 
the R-matrix method (Little and Tennyson 2013, Little and 
Tennyson 2014). +N2 is isoelectronic with CO+, although its 
higher symmetry makes it somewhat easier to treat. These 
studies suggest that a similar, accurate, fully ab initio treat-
ment of the CO+ problem should be possible in the fairly near 
future.

A major motivation of this paper was to show and test the 
applicability of our method whenever there is a significant 
lack of reliable quantum chemistry calculations. We have 
performed calculations making use of four dissociation states 
in three different symmetries accounting for Rydberg states 
up to four partial waves. The calculations were done in the 
highest order of complexity possible.

Overall, one can say that the agreement achieved between 
theory and experiment over a significant range of energies is 
satisfactory, the trends being qualitatively reproduced for this 
diatomic system with many electrons. This suggests that our 
calibrated ab initio approach provides a suitable procedure for 
studying other many-electron systems for which pure ab initio 
calculations are not reliable.

The results presented are of fundamental importance and 
very promising, suggesting the need for further studies, espe-
cially with improved and more accurate potential energy 
curves, and couplings not just for the molecular ion but for the 
neutral molecule as well.
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