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We present calculations of cross sections and rate coefficients for the dissociative recombination of Ne2
+,

following collisions with low-energy electrons ��1 eV�. The resonance energies and autoionization widths for
the doubly excited states of Ne2 lying between the ground and first excited states of the ion are computed from
electron scattering calculations using the complex Kohn variational method. The dynamics of the dissociative
recombination process is investigated using multichannel quantum defect theory. The calculated absolute rate
coefficient at 300 K is in good agreement with the existing measurement. The rate coefficient is found to
decrease with electron temperature as T−0.5 in the low-electron-temperature region �Te�1000 K�, where the
process is dominated by the lowest 1,3�g

+ dissociative states. For the high-temperature region �Te�1000 K�,
where the contribution from remaining dissociative states �lowest 1,3�u

+, 1,3�g, 1,3�u and second resonance
states of these symmetries� become more important, the rate coefficients decrease faster and eventually behave
approximately as T−1.5. We also present cross sections for competing electron-impact vibrational excitation and
deexcitation of Ne2

+ obtained from the same calculations.
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I. INTRODUCTION

The study of the electron–positive-ion recombination of
rare-gas molecular ions,

e−��� + R2
+�v� → R + R + kinetic energy, �1�

where R denotes a rare gas atom, was very important in the
early development of the theory and mechanism of dissocia-
tive recombination and has been the subject of several ex-
perimental and theoretical investigations �1�. The interest in
the dissociative recombination of rare-gas molecular ions is
due to the important role they play in the ionosphere �He2

+�,
gaseous lasers, plasma processing, neon lamp, and plasma
displays �Ne2

+ and Ar2
+� and for the study of the kinematics

of pulsed excimer laser sources �Ar2
+�.

A considerable amount of experimental studies for disso-
ciative recombination of Ne2

+ in plasma afterglow environ-
ments exist �2–6�. Most of these experiments investigated
the absolute value for rate coefficients of dissociative recom-
bination at room temperature as well as the dependence of
these rates on electron and/or ion temperature. It should be
noted that these experiments used two very different tech-
niques: the stationary afterglow �2,3� where only the elec-
trons are heated to change the temperature and the shock
tube �4,6� where both the electrons and ions are heated. The
shock-tube experiments lead to vibrational excitation of the
ion. Therefore the cross section for dissociative recombina-
tion must be computed for different vibrational states. For
the absolute value of rate coefficients at 300 K, most experi-
ments agreed on a value between 1.7 and 2.0
�10−7 cm3 s−1. However, the behavior of the rate coefficient
with regard to electron temperature was found to vary from
T−0.5 to T−1.5. These different behaviors seem to be related to
the temperature of the neutral gas �from which the ion is

extracted�, leading to changes in the vibrational distribution
of the target ion.

There exist very few theoretical studies for dissociative
recombination of Ne2

+ �7–9�, giving only qualitative esti-
mates of the cross sections and rate coefficients at room tem-
perature as well as their variation with ion internal and elec-
tron energy. The current study has been made not only for
the calculation of rate coefficients for dissociative recombi-
nation of the �Ne2

++e−� system, but also to understand the
process of dissociative recombination for the rare-gas di-
atomic molecular ions. Previous calculations have described
He2

+ dissociative recombination for low �10� and high �11�
electron energy, and preliminary calculations exist on the
dissociative recombination of Ar2

+ �12�.
We first carried out extensive calculations of the reso-

nance energies and autoionization widths for the doubly ex-
cited states of Ne2 between the ground and first excited states
of Ne2

+. These are the major pathways for the dissociative
recombination �DR� reaction, especially those states that
cross the ion ground state near its equilibrium geometry �13�.
We have also computed the Ne2

+ ground-state potential
curve as well as the low-lying Rydberg series converging to
the ground state of the ion. These molecular data were then
used to study the nuclear dynamics using the multichannel
quantum defect theory �MQDT�. Calculations were per-
formed on an extended range of initial vibrational levels of
the target ground state to allow comparison to experimental
results. These have mixed vibrational ion populations which
are generally assumed to follow a Boltzmann distribution
law.

We also obtained cross sections for the competitive reac-
tions of vibrational excitation and vibrational deexcitation
also known as a superelastic collision �SEC�:

e−��� + R2
+�v� → R2

+�v�� + e−���� �v � v�� , �2�

where R denotes a rare-gas atom.*Electronic address: vnngassam@ucdavis.edu
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These had been shown to be dominated, as dissociative
recombination, by electronic interactions which indirectly
couple the vibrational states via the doubly excited states
�14�

In the following sections, we will first outline the theoret-
ical approach used in the present work; we will then present
the molecular data used for the cross section calculations.
Finally we will discuss the results for different initial vibra-
tional levels of the ions and compare the behavior of the
calculated rate coefficients to experimental results as well as
to other theoretical predictions.

II. THEORY

A. Molecular data

Treatments of the DR process require knowledge of the
potential energy curves of the ion ground state and of the
doubly excited resonant states of the neutral molecule as well
as the R-dependent quantum defects and electronic couplings
between all the states involved. These molecular data were
obtained from molecular electronic structure calculations
�ground state of the ion and singly excited Rydberg states
converging to the ground state of the ion� and from electron
scattering calculations from the molecular ion using the com-
plex Kohn variational method �15� to obtain resonance ener-
gies and autoionization widths of the resonant states. Addi-
tional structure calculations were necessary to continue the
resonant states once they cross the ion curve.

The ground-state configuration for the neon molecular ion
is

1�g
21�u

22�g
22�g

21�u
41�g

43�g
23�u,

that is, overall 2�u
+ symmetry. The first-excited state 2�g

+ to
which the resonances converge is

1�g
21�u

22�g
22�g

21�u
41�g

43�g3�u
2.

These two states go to the same asymptotic limit for large
internuclear separation. To obtain the target state, we first
carried out a self-consistent-field �SCF� calculation on the
ion using a triple zeta plus polarization �TZP� basis set of
Dunning �16�. These orbitals were then used in a multirefer-
ence configuration interaction �CI� calculation, where the
lowest eight orbitals were frozen and all single and double
excitations from a reference space generated by a full CI for
three electrons in the �g and �u occupied orbitals and the two
lowest unoccupied orbitals �ux and �uy. This was necessary
to generate a good description of the higher-lying � states
and virtual � orbitals. In order to produce a balanced treat-
ment we used natural orbitals from averaging the density
matrices for the lowest four states of the ion, 2�u, 2�g, and
the doubly degenerate 2�u. Four natural orbitals
�4�g ,4�u ,2�ux ,2�uy� were included as well as the occupied
orbitals. The basis set was expanded to include seven addi-
tional diffuse orbitals: three s �exponents 0.1, 0.05, 0.02�,
three p �exponents 0.06, 0.03, 0.01�, and one d �exponent
1.0�. The eight lowest orbitals were frozen, and the target
states were determined from a full CI in the natural orbital
space �of six orbitals�. The ground and first excited states of
the ion are shown in Fig. 1. The equilibrium geometry and
dissociation energy agree well with previous calculations
�17,18�.

We then carried out electron scattering calculations for
low-energy electrons from the ion using the complex Kohn
variational method. Since this method has been described
elsewhere �15�, we will only summarize it here.

In this method, the trial wave function for the
�N+1�-electron system is expanded as

FIG. 1. Potential energy
curves for the two lowest resonant
3�g,u

+ and 3�g,u states of Ne2

�dashed curves� and the 2�u
+

ground �bold lines� and the 2�g
+

first excited �thin lines� state of
Ne2

+.
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0
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A��
�r�1, . . . ,r�N�F

0
�r�N+1��

+ �
�

d�

0��r�1, . . . ,r�N+1� , �3�

where the first sum �P space� usually runs over open elec-
tronic N-electron target states 
 with wave function �
 and
A antisymmetrizes the coordinates of the incident electron
with those of the target electrons. The second sum �Q space�
contains � which are square-integrable �N+1�-electron
configuration-state functions �CSF’s�. The �N+1�-electron
CSF’s describe short-range correlation and the effects of
closed channels and contain information about the resonance
portion of the scattering wave function.

Two classes of terms were included in the correlation part
of the wave function. The first class is the set of all
�N+1�-electron CSF’s that can be formed from the active
space of target orbitals. These are generally referred to as
“penetration terms” �15�. Since the scattering functions F

0
are constructed from bound and continuum functions which
are, by construction, orthogonal to the target orbitals, the
penetration terms are needed to relax any constraints implied
by this strong orthogonality. However, in addition to the pen-
etration terms, we included a second class of “CI relaxation
terms” �15�. The target ground state is built as a linear com-
bination of a fixed number �M� of CSF’s, from the active
space. The target CI calculation can also produce �M −1�
excited states, which are presumed to be energetically closed.
The CI relaxation terms are constructed as the direct product
of these states and the orbitals used to describe the scattered
electron. In other words, this class of CI relaxation terms is
simply the complement �1− P� of the P-space portion of the
wave function. This complement, combined with the pen-
etration terms, constitutes the correlation part of the trial

wave function. These CI relaxation terms include the reso-
nances which are a Rydberg series converging to the first
excited state of the ion.

The addition of one electron to the 2�u
+ ground state of the

ion yields both singlet and triplet spin couplings and all sym-
metries �g,u, �g,u, and �g,u. We performed calculations for
singlet and triplet spin couplings in all symmetries at the
equilibrium internuclear separation. Below the threshold for
the first excited state, numerous Feshbach resonances corre-
sponding to Rydberg series converging to the first excited
state of Ne2

+ occurred in the � and � symmetries, but not in
�. These resonances have the following configurations:

�1�g
21�u

22�g
22�g

21�u
41�g

43�g3�u
2�1,3n�,u,

where � can be � or �.
Therefore, calculations were performed over a range of

internuclear distances for only the 1,3�g,u
+ and 1,3�g,u symme-

tries. The resonance parameters �autoionization widths and
resonance energies� were then extracted by fitting the eigen-
phase sums to a Breit-Wigner form. The two lowest reso-
nance curves are shown in Fig. 1 for the triplet � and �
symmetries compared to the ion ground state. The singlet
states are not represented since they were found to be similar
to the triplet states. The corresponding autoionization widths
for singlet and triplet states are shown in Fig. 2. For the same
symmetry, the width of the triplet states is generally larger
than that of the singlet, and except the �g symmetry, the
lowest state has the most important autoionization width.

B. MQDT formalism

The two-step multichannel quantum defect theory as ap-
plied to dissociative recombination �19� and electronic auto-
ionization �20� rests on a quasidiabatic description of mo-
lecular states �21�, where two classes of electronic states,

FIG. 2. Autoionization widths
for the two lowest 1,3�g,u

+ and
1,3�g,u below the second ioniza-
tion thresholds. The dashed lines
represent the couplings of the trip-
let states; the solid lines are for
the singlets. Bold lines are for the
lowest resonant states while thin
lines are for the second resonance
states of each symmetry.
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singly excited and doubly excited, are defined. The short-
range electronic interactions between states of different sub-
spaces are then described by an electronic coupling operator
V, which couples the ionization channels �attached to the
ground-state ion core�, open and closed, to dissociative ones
in the case of DR or to core-excited ionization channels �or
Rydberg series� in the case of electronic autoionization.
From the operator V, a short-range reaction matrix �K ma-
trix�, a solution of a Lippmann-Schwinger integro-
differential equation �22� is built:

K = V + V
1

E − H0
K , �4�

where H0 is the Hamiltonian operator excluding the elec-
tronic interaction V. In the case of weak coupling a pertur-
bative solution of Eq. �4� can be obtained �19,23�. The en-
ergy dependence of the coupling can often be neglected since
the electronic coupling is significant only at a short distance,
where the external electron is strongly accelerated by the
Coulomb attraction and thus insensitive to small differences
in kinetic energy. It has been recently shown analytically that
in this case, the perturbative series of Eq. �4� converges at
second order �14�. To be introduce into the MQDT frame-
work, the resulting K matrix is diagonalized:

�
j

�KijUj� = − tan ��Ui�, � = 1,2, . . . ,N , �5�

with eigenvalues −�−1 tan �� and unitary eigenvectors Ui�.
In the preceding equation, i and j are indexes labeling the
reaction channels and N is the number of channels involved
in the calculation. The eigenvalues −�−1 tan �� and the ei-
genvector elements Uj� are used in a frame transformation to
build the channel-coupling coefficients for the MQDT treat-
ment of DR and electron-impact vibrational transitions, i.e.,

Cv� = �
v�

Uv���v�cos����R� + ����v��R, �6�

Cd� = Ud� cos ��, �7�

Sv� = �
v�

Uv���v�sin����R� + ����v��R, �8�

Sd� = Ud� sin ��, �9�

where v and v� designate the vibrational states of the mo-
lecular ion, d is the dissociative channel, and the integration
�¯�R is over the internuclear distance. Note that the nona-
diabatic radial coupling between two ionization channels v
and v� is introduced here through the R dependence of the
quantum defect �. Indeed, a constant quantum defect results
in all nondiagonal v�v� terms from Eqs. �6� and �8� vanish-
ing and thus decouples the ionization channels.

The last step of the MQDT treatment is the construction
of the asymptotic scattering matrix and the calculation of the
cross sections. We follow the method of Seaton �24� as first
applied by Nakashima et al. �25� to the treatment of DR and
related processes. The matrices C and S are used to build the
“generalized” scattering matrix X which involves the whole

set of channels, open or closed, for ionization or dissociation:

X =
C + iS
C − iS

. �10�

Then, the physical scattering matrix S is calculated by elimi-
nation of the closed channels:

S = Xoo − Xoc
1

Xcc − e−2i��v
Xco. �11�

The index o �c� means open �closed� channel blocks. The
parameters �v=1/	2�Ev−E�, analogous to the effective
quantum number of a Rydberg level, are defined for each
closed channel with threshold energy Ev higher than the total
energy E.

Finally, for the initial ion level v and for a multiplicity
ratio g between the ion and dissociative states, the cross sec-
tions are given by

�dv =
�

2�

g

2
�Sdv�2 �12�

for dissociative recombination and by

�v�v =
�

2�

g

2
�Sv�v�2 �13�

for superelastic collisions �v��v� or vibrational excitation
�v��v�.

C. Calculation of rate coefficients

To obtain the rate coefficients, the theoretical cross sec-
tions are convoluted with an instrumental function to simu-
late the experimental conditions. In the case of afterglow
experiments, the convoluted rate coefficient �v�Te� for each
initial vibrational level of the target ion can be obtained by
averaging over an isotropic Maxwell-Boltzmann distribution
of electron energies:

�v�Te� =
 �v����f���d� , �14�

where �v��� is the calculated cross section as a function of
the collision energy for the initial vibrational level v of the
ion. The function f��� is the Maxwell-Boltzmann function
given by

f��� =
8�me

�2�mekTe�3/2 exp�−
�

kTe
� , �15�

where me is the electron mass, k is the Boltzmann constant,
and � is the electron energy.

The final rate coefficient as a function of electron tem-
perature is then obtained by averaging the above-mentioned
rates over the various initial vibrational levels according to
their population at a given gas temperature,

��Te� = �
v

�v�Te�
nv

N
, �16�
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where nv is the population of the vibrational level vi at a
given gas temperature assuming a Boltzmann distribution of
vibrational populations and N is the total ion population.

III. RESULTS AND DISCUSSION

The dissociation dynamics was studied using the multi-
channel quantum defect theory �19� with a second-order K
matrix �26�. In the present case, where there is one or more
repulsive resonant states which cross the ion ground state
near the equilibrium geometry, the dissociative recombina-
tion has been shown to be dominated by the direct process
where the electron is capture in one of these resonant states.
As an example, we compare the direct and the total �direct
+indirect� cross sections for dissociative recombination of
the ground vibrational state �v=0� via the lowest 1�g

+ reso-
nant state in Fig. 3. This state will be shown later to be the
most important route for low-energy dissociative recombina-
tion of Ne2

+. Note that the quantum defects used for the
combined calculation are approximate and the results are just
illustrative. As can be seen in this figure, introducing the
indirect process leads to cross sections with complicated
resonance structure at low energies, due to interfering series
of resonances, but will not have noticeable effects on the
averaged magnitude and behavior of the cross section. For
the case of the lowest 1�g

+ shown in Fig. 3 we have compared
the thermal rate coefficients obtained from the two calcula-
tions. The inclusion of the indirect process does slightly
lower the magnitude of the rate coefficients but it does not
modify the temperature dependence for the rate coefficients.

In this case the resonant states cross the ion near its equilib-
rium geometry and the direct mechanism is very strong.
Therefore, the effects of indirect meachanism are much
smaller than the direct. This difference in magnitude between
the two calculations decreases for higher vibrational states.
Therefore, we did not included the Rydberg bound states
responsible for the “indirect” DR process in the calculations.
Rotational effects were not included as well since they are
not taken into account in the existing experiments. Also,
these effects were shown to be negligible when the direct
process based on a strong electronic interaction is fast and
dominant, especially for heavier ions like Ne2

+ �27�.

A. Partial cross sections

Ne2
+ has 32 bound vibrational levels. It was necessary to

calculate the absolute cross sections up to the 21st vibra-
tional level in order to study a range of electron and gas
energies varying up to 1 eV. All the symmetries in which
resonant states were found �1,3�g,u

+ and 1,3�g,u� were included
in the calculations as they became open in energy. As can be
seen in Fig. 1 scattering in 1,3�g

+ yields resonances that lie
only about 1 eV above the ground state of the ion and which
cross the ion potential energy curve just above the v=0 vi-
brational level. The interactions of the lowest states of this
symmetry with the ionization continuum, represented in Fig.
2 by the autoionization widths, are comparable to those of
the other symmetries. The lowest 1,3�g

+ resonant states were
thus anticipated to be the major pathways for dissociative
recombination of Ne2

+ following impact with low-energy

FIG. 3. Cross section for dissociative recombination of Ne2
+ via the 3�g,u

+ . The dashed line represent the direct process. The solid line is
the total process �direct+indirect�.
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electrons, with the contribution of the other symmetries
�1,3�u , 1,3�u

+ , 1,3�g� becoming more important and eventu-
ally dominating as the vibrational energy of the target state
and/or the electron energy is increased. The lowest singlet
and triplet �g states were not energetically open at low en-
ergy for the lower vibrational levels �v�10�.

We compare the cross sections for dissociative recombi-
nation via the lowest resonant states of the various symme-

tries, in Fig. 4 for the low vibrational states �v�10� and in
Fig. 5 for the high vibrational states of the ion. With few
exceptions generally due to very small Franck-Condon over-
laps, the cross sections calculated fall off as the inverse of
the collision energy. The steps seen in the cross sections
correspond to the opening of new vibrational channels, al-
lowing new routes for autoionization which competes with
dissociative recombination.

FIG. 4. Partial cross section
for dissociative recombination of
Ne2

+ initially in v=0, 1, 5, and 8.
The bold lines represent the 3�g

+

partial cross sections, while the
thin and dashed lines are, respec-
tively, the 3�u

+ and 3�u contribu-
tions to the cross section.

FIG. 5. Same as Fig. 4 for v
=10, 11, 15, and 20. The contribu-
tion of the �g states which is now
opened for dissociation at “zero”
energy is represented by the dot-
ted lines.
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As discussed above and as can be seen in Fig. 4 �v=0 and
v=1�, the low-energy recombination cross section is domi-
nated by the lowest 1,3�g

+ resonances, which both have a
better overlap of the wave function with that of the electronic
continuum. In the same figure, the 1,3�u and 1,3�u

+ contribu-
tions to the cross sections are both negligible at very low
energy. These contributions increase with electron energy
and become comparable with the 1,3�g

+ partial cross section
around 1 eV. For v=5 and greater �Fig. 4, v=5 and v=8�, all
symmetries contribute almost equally to the cross section for
the whole range of electron energies calculated, the �u sym-
metry being the most important. At v=10 the first dissocia-
tive state of the 1,3�g symmetry as well as the second reso-
nance states for the other symmetries open for dissociation at
“zero” energy and are included in the calculation. The partial
cross sections fluctuate depending on the importance of the
Franck-Condon factor between the resonant-state wave func-
tion and the wave function of the initial vibrational state, but
remain at the same order of magnitude with the increasing
internal energy of the ion �see Fig. 5�. Note that since the
resonance energies for the singlet and triplet states of the
same symmetry are similar and the autoionization widths are
not dramatically different, the cross sections for the triplet
states are roughly 3 times those for the singlet states of the
same symmetry; i.e., the difference is only due to the multi-
plicity of the states. Also, the contributions of the � states
are generally higher than those of the � states.

The total cross section for each vibrational level is ob-
tained by summing the contribution of all the dissociative
states involved at each energy. From the total cross section,
the rate coefficients will be obtained and analyzed, and com-
pared to available experimental data.

B. Rate coefficients for DR

All the experimental studies of Ne2
+ dissociative recom-

bination have been performed using afterglow techniques
�28�. In these types of experiments, the recombination rate
coefficients are generally determined from the decay of the
electron density with time following the removal of the ex-
ternal ionizing source. Most experiments �2,3� were per-
formed over a restricted range of gas �ion� temperatures
�Tg�500 K�. These experiments found the rate coefficients
for dissociative recombination of Ne2

+ with a temperature
dependence close to T−0.5 over a range of electron tempera-
ture between 300 K and 104 K in accordance with the
Wigner threshold law �29�. More recently, Chang et al. �6�
measured the rate coefficients for dissociative recombination
of Ne2

+ at elevated gas and electron temperatures using a
shock-heated pulsed-flow rf-discharge pulsed afterglow. The
variation of the rate coefficients was shown to be between
T−0.6 and T−1.0 for elevated gas temperatures of, respectively,
2200 K and 2700 K. This changes to approximately T−1.5

when the electron and gas temperatures were kept equal but
above 1500 K, in qualitative agreement with the results of
Cunningham and Hobson �4�. This rather unusual tempera-
ture dependence was supported by the earlier works of Cun-
ningham and co-workers �4,9�, which predict a breakdown in
the slope of the rate coefficient for dissociative recombina-

tion of rare-gas diatomic ions �around 900 K for Ne2
+� as a

function of electron energy, leading to T−1.5 in the high-
temperature region. The first attempt to explain this fast de-
crease of rate coefficients with increasing temperature based
on the importance of the indirect mechanism was suggested
by Chen and Mittleman �30� and Bardsley �31�. A year later,
Bardsley �32� showed that the indirect process gives rate
coefficients that decrease as T−1.5 and that the actual tempera-
ture dependence of the rate coefficients of dissociative re-
combination should depend on the relative strength of the
two mechanisms. However, he treated the two processes in-
dependently, thus neglecting the interferences between them
since there occur together. Another attempt to explain the
T−1.5 behavior of the rate coefficients was made by O’Malley
and co-workers �33� with a “low-vibrational-state” �LVS�
model. However, this model is based on a single resonant
state description of dissociative recombination, with the
resonant state crossing the ion so that the cross section is
maximum for a low vibrational state v=0–2.

In order to compare our results with existing measure-
ments, the theoretical cross sections were converted into rate
coefficients after a convolution with an isotropic Maxwell-
Boltzmann distribution of electron energies and averaged
over the initial vibrational states populated at a given gas and
ion temperature as in Eqs. �14� and �16�. Figure 6 displays
the rate coefficients at fixed electron temperature of 300 K
corresponding to a collision energy of 0.026 eV for various
initial vibrational levels of the ion. The rate coefficients fluc-
tuate with the initial vibrational energy level. This behavior
can be explained by the relative contribution from various
resonant states for different initial vibrational levels. The
peak at v=1 is due to a good overlap of the wave function of
the first vibrational excited state �v=1� of the ion with the
lowest 1,3�g

+ resonant state. Then, this lowest 1,3�g
+ dominant

contribution drops dramatically, and around v=6, the contri-
butions of the lowest 1,3�u and 1,3�u

+ contribution to the pro-
cess become more important, once more due to a good over-
lap of the wave functions. The last peak is due to the opening
of new routes for dissociative recombination �lowest 1,3�g
and second resonant states of the other symmetries�.

FIG. 6. Rate coefficients for dissociative recombination of Ne2
+

at fixed electron temperature of 300 K �corresponding to a collision
energy of 0.026 eV� as a function of the initial vibrational states of
the ion.
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The rate coefficient for dissociative recombination at
300 K arises primarily from a contribution of the two lowest
vibrational states �v=0 and v=1�. The theoretical value is
1.503�10−7 cm3 s−1, in good agreement with most experi-
ments which report a rate coefficient of �1.7±0.2�
�10−7 cm3 s−1 �6�.

The absolute rate coefficients for dissociative recombina-
tion, at a fixed gas temperature �300 K, 10 000 K� and for a
gas temperature always equal to the electron temperature, as
a function of electron temperature are displayed in Fig. 7.
Also shown are the lines representing slopes of T−0.5 and
T−1.5. At 300 K, the rate coefficients decrease as T−0.5 for low
electron temperature. This behavior of the rate coefficients at
low energy can be explained by the fact that at these energies
the process is always dominated by a single resonance and
the cross sections then follow the Wigner threshold law �29�.
As the electron temperature increases, new routes for disso-
ciative recombination open causing a deviation from the
T−0.5 behavior around 700 K. At elevated gas temperature
�10 000 K�, the rate coefficients are higher at low electron
energy since many resonant states contribute to the process
even at low electron temperature and the high vibrational
states dissociate faster. At these temperatures, the rate also
decreases faster than T−0.5 even at low energy. When the
electron temperature is kept equal to the gas temperature, the
rate decreases as T−0.5 at low energy with a break in the slope
after 2000 K. Then the rate coefficient decreases faster and
eventually as approximately T−1.5. The break observed in the
rate coefficients as a function of electron and gas tempera-

tures is clearly displayed in the experimental data of Cun-
ningham and Hobson �4� shown in Fig. 8 �star�. Here, we
also plot theoretical rate coefficients with the gas temperature
always equal to the electron temperature as in the experi-
ment. At low energies, there is a very good agreement be-
tween theory and the Cunningham-Hobson experiment as
well as with the experiment performed at a fixed gas tem-
perature �300 K� �2� and represented by the open circles. For
higher energies, unlike experimental results, theoretical rate
coefficients go from the T−0.5 behavior to approximately the
T−1.5 smoothly. In absolute values, the theoretical rate coef-
ficients are closer to the most recent experiment done at el-
evated electron and gas temperatures �6�. Using the model of
O’Malley et al., the smooth change in the behavior of the
present theoretical rate coefficients compared to experiment
might be explained by the fact that our cross section for
dissociative recombination is most important around v=10
rather than v=1 as assumed by O’Malley et al.

C. Rate coefficients for electron-impact vibrational excitation
and deexcitation

Cross sections for electron-impact vibrational excitation
and deexcitation �SEC� can be obtained from the same scat-
tering matrix used to calculate the DR cross section, but
corresponding to different matrix elements. In the case of a
single resonant doubly excited state, for example, and using

FIG. 7. �Color online� Calculated rate coefficients for dissocia-
tive recombination of Ne2

+ as a function of the electron temperature
for various gas temperatures. The dotted and dash–double-dotted
lines shown represent, respectively, the slope of the T−0.5 and T−1.5

temperature dependences.

FIG. 8. Comparison of the calculated rate coefficients for disso-
ciative recombination of Ne2

+ with various experiments. The solid
line represents the theoretical rate coefficients for Tg=Te. The open
circles are measurements of Frommhold et al. �2� at 300 K. The
stars represent the results of Cunningham and Hobson �4�, while the
solid circles are measurements of Chang et al. �6�, both performed
with Tg=Te.

V. NGASSAM AND A. E. OREL PHYSICAL REVIEW A 73, 032720 �2006�

032720-8



the first-order perturbation for the K matrix, the matrix ele-
ments Sdv and Sv�v of Eqs. �12� and �13� are given, respec-
tively, by

Sdv = − 2i
�v

1 + �2 �17�

and

Sv�v = − 2
�v�v�

1 + �2 , �18�

where �v=��v�R�Vel�R�Fd�R�dR and �2=�v�v
2.

There have been no experimental determination of cross
sections or rate coefficients for vibrational excitation and de-
excitation of Ne2

+. Therefore, the data obtained in the current
study will be useful for the modeling of plasmas where Ne2

+

is abundant. We have computed cross sections for vibrational
excitation and deexcitation of Ne2

+ up to v=20 initial vibra-
tional levels. Here, we will only discuss the results for the six
lowest initial vibrational levels of the ion. The rate coeffi-
cients for vibrational excitation and SEC of Ne2

+ initially in
v=1, 2, 3, and 5 vibrational states are shown in Fig. 9 for the
transitions with �v=1. These results display two interesting
features. First the rate coefficients for vibrational transitions
have the same pattern as those of dissociative recombination
at very low electron temperatures. As the electron tempera-
ture increases, the rate coefficients for dissociative recombi-
nation decrease faster than those of vibrational excitation and
deexcitation; this is due to the fact that one of the vibrational
states involved in the vibrational transitions has a better
overlap with the resonant state involved for these high ener-
gies. Note that that the transitions involving the v=1 and v
=5 vibrational states are faster than the others. As shown in
Fig. 6 for low vibrational levels �v�10�, the v=1 and v=5

have the highest dissociative recombination rate coefficients,
suggesting that as in H2

+ the processes are driven by the
same mechanism through the dissociative resonant state.
Second, except for the rapid rise from the threshold, the rate
coefficients for vibrational excitation and SEC have the same
order of magnitude for the same initial vibrational state but
are always smaller than those of dissociative recombination
at low electron temperature. These results are contrary to the
case of H2

+ where the superelastic collision was shown to be
faster than dissociative recombination �14,34�. The case of
v=1 and v=5, where the rate coefficients for vibrational ex-
citation are much smaller than those of DR and SEC, can be
explained by the weak overlap of the wave functions of v
=2 and v=6, which are involved in these excitations, with
the wave function of the dissociative resonant state. Figure
10 shows the rate coefficients of vibrational transitions for
v=4 initial vibrational states of the ion and different transi-
tions �v in comparison with rate coefficients of dissociative
recombination. With the exception of the transitions involv-
ing the v=1 vibrational state, at low energy, the rate coeffi-
cient decreases as �v increases, but the transitions with �v
�1 are not negligible compared to those with �v=1. This
behavior is quite similar for the other vibrational states. One
of the most important points here, as in DR, is how efficient
the transition between the vibrational states involved and the
resonant states which govern the processes becomes. The
transitions with �v�1 must be taken into account to accu-
rately model plasmas where Ne2

+ is abundant.

D. Final atomic states

All the resonant states included in the present calculation
correlate with one neon atom in the ground state and the
other in a metastable state �nl�1,3 with n=3 or 4 and l=s, p,

FIG. 9. �Color online� Rate co-
efficients for vibrational excitation
�solid grey line� and deexcitation
�dashed line� of Ne2

+ for �v=1
compared to the rate coefficients
for dissociative recombination
�solid dark line� initially in v=1,
2, 3, 5 vibrational states.
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or d. There exists an infinite series of singly excited Rydberg
states of Ne2 converging to the 2�u

+ ground state of Ne2
+.

These states couple to the resonant states of the same sym-
metry, which can lead to a redistribution of the flux between
different final atomic states. This flux redistribution depends
on the strength of the electronic couplings between the reso-
nant states and the singly excited Rydberg states. In the cal-
culations on He2

+ �11�, these crossings were not found to
significantly affect the branching ratios; therefore, such states
are not included in the present calculation. The final-state
distribution also depends on the initial vibrational state of the
molecular ion since this, with the electron energy, will deter-
mine which resonant states are populated after the electron is
captured and thus which final atomic states are formed.

For the low vibrational states at very low electron energy
dissociative recombination proceeds through the lowest reso-
nant states which correlate to n=3. As the electron energy
increases to approximately 1 eV, some states that dissociate
into n=4 contribute, but the percentage of n=4 atoms remain
negligible compared to the n=3 states. As the vibrational
energy of the ion increases, the second resonant states of
various symmetries correlated to the n=4 atomic states be-
come more important but never dominate.

IV. CONCLUSION

We have computed rate coefficients for dissociative re-
combination for the Ne2

+ molecular ion with low-energy

electrons as a function of electron and gas temperatures. The
dissociative recombination rate coefficients obtained at room
temperature �300 K� are in good agreement with the various
measurements in afterglow devices. The rate coefficients de-
crease as T−0.5 at low temperature and approximately as T−1.5

at high temperature, in good agreement with very recent
measurements. However, the break in the slope of theoretical
rate coefficients occurs at higher energy compared to experi-
ments.

The rate coefficients for vibrational excitation and deex-
citation were also presented. These processes are driven by
the same mechanism as DR. The rate coefficients for vibra-
tional excitation and deexcitation are lower than those of
dissociative recombination with the same initial vibrational
levels and decrease when �v increases. Since no experimen-
tal rate coefficients for vibrational excitation and deexcita-
tion exist, these can be very useful in modeling of Ne2

+

plasma.
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