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The dissociative photoionization of N2 and O2 by synchrotron radiation in coincidence with threshold
photoelectrons is used to produce state-selected N+ and O+ atomic ions to study their reactivity. A pure
selection of their ground state, N+(3P) and O+(4S), or excited states, N+(1D), O+(2D), and O+(2P), is obtained
by the choice of the photon energy and by further discrimination of atomic ions produced with translational
recoil energy. Both reactions studied,15N+ + CD4 and O+ + 13CO2, are of major importance for the chemistry
of Titan, Mars, and Venus’ ionospheres and are strongly affected by excitation of the parent atomic ion. For
the reaction of N+ with methane, DCN+ and DCND+ products coming from the decomposition of a long-
lived complex are surprisingly not much sensitive to the N+ excitation, whereas the branching ratio between
the dissociative charge-transfer channel, leading to CD3

+, which is the main product for the ground-state
reaction, and the nondissociative charge-transfer channel, leading to CD4

+, is completely inverted in favor of
the latter when N+ is excited into the1D state. This unanticipated result can be well understood by the spin-
orbit selection rule in the N+ recombination. For the reaction of O+ with carbon dioxide, the reactive channel
producing O2

+, which dominates for the ground-state reaction for thermal collision energies, is completely
displaced in favor of the endothermic charge-transfer channel leading to CO2

+ if either collision energy or
O+ internal energy is brought to the system. The O+(2P) metastable state has a larger reaction cross section
than the lower2D metastable state. Owing to the long lifetime of the N+ and O+ metastable states studied
here and to their very specific reactivity, they should be individually considered in the models describing the
planetary ionospheric chemistry.

Introduction

Reaction dynamics of molecular ions are driven by many
forms of energy, in particular, the internal energy of the parent
ion. The development of methods, such as the photoelectron
photoion coincidence (PEPICO) techniques, to prepare a mo-
lecular ion in well-defined states has contributed to a much better
fundamental understanding of the unimolecular fragmentation
and spectroscopy of these ions and of their bimolecular
reactions.1-8

Much less is known on the bimolecular reactivity of the
excited atomic ions N+ or O+ because if one wants to use
conventional PEPICO techniques to state select these ions, then
one needs in principle to use a source of neutral N or O radicals.
Our first fundamental motivation here is to study the effect of
the atomic ion electronic excitation on the reaction dynamics.
Going from N+(3P) and O+(4S) ground states to N+(1D, 1S) and
O+(2D, 2P) excited states brings a few electronvolts to the system
and also changes the nature of the initial state. Because these
first excited states are known to be very long-lived metastable
states,9 they can be prepared in a low pressure source and their
reactivity easily probed later in another part of the experiment.

To achieve pure N+ and O+ metastable state selection, we have
to use more sophisticated selection techniques. Dissociative
charge transfer of rare gas cations with O2 has been successfully
used to study many state-selected O+(4S, 2D, 2P) reactions.7 A
second method, derived from the threshold photoelectron
photoion coincidence technique (TPEPICO) and based on the
dissociative photoionization of O2, has already been used for
the study of the O+(4S, 2D, 2P) + N2 reaction.10 This second
method has been chosen in this work to prepare state-selected
N+(3P, 1D) and O+(4S, 2D, 2P) atomic ions from the N2 and O2

precursors.

The second motivation of this study is linked to the chemistry
of planetary ionospheres. Very recent or up-and-coming explo-
rations of our solar system planets Mars, Jupiter, and Saturn
and their moons, such as Titan (largest moon of Saturn), by
spacecrafts, for instance, Mars Global Surveyor, Mars Express,
Galileo, and Cassini-Huygens, have motivated extensive efforts
to model atmospheres correctly. This also includes laboratory
studies to provide accurate inputs or parameters to the models,
such as the production and loss rates of the neutral and ionic
atmospheric constituents; in particular, for the ionospheric part
of the atmosphere, valid photoionization cross sections by solar
radiation or electron impact ionization cross sections, ion-
molecule reaction or recombination rate constants are needed
to model the major ionic species.11-15 A lot of measurements
have already been made and used in modeling planetary
atmospheres.16-20 Usually, models include only ion-molecule
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reaction rate constants corresponding to the parent ions in their
ground state. This is due to the much less amount or even
absence of data on the reactivity of excited ions and the
enhanced complexity that these metastable species bring to
models. However, in planetary ionospheres, these ions are
effectively produced by photoionization or by electron impact
in long-lived metastable states that do not relax in the
ionospheric environment. Such excited species were successfully
included in recent models,11 and their particular activity could
be demonstrated. Therefore, it is important to measure the
specific reactivity of excited ions to know whether they have
to be considered in ionospheric models. It is a long-term activity
that we already engaged for molecular ions as shown in our
previous studies.21-24

Because N+ and O+ atomic ions can be directly produced
by dissociative ionization of the main neutral constituents, N2

and CO2, of Titan and Mars and Venus’ atmospheres, respec-
tively (because N2 refers to Titan and CO2 to Mars and Venus),
they are among the most important ionic species of their
respective ionospheres.11-15 They can be produced in such
environment in excited metastable states. Their first excited
states, N+(1D), O+(2DJ) and O+(2PJ), have such long lifetimes9

(269 s for1D, 1.6 and 9.1 h for2D3/2 and2D5/2, and 6.3 and 4.9
s for 2P1/2 and2P3/2, respectively) that they are not radiatively
relaxed during the time between their production and their
reaction. Moreover, as they lie 1.9, 3.3, and 5.0 eV above their
respective ground states, N+(3P) and O+(4S), it is expected that,
with such an additional amount of energy, the reactivity of these
excited species could be very different from that of the ground-
state ion and should be characterized.

In the reaction of ground-state N+ ions with methane, four
main ionic products have been identified as CH3

+, CH4
+, HNC+

(or HCN+), and HCNH+ (or H2CN+). The most exothermic
channels leading to these products are

We note that other exothermic channels could also lead to
the same ions, in particular CH3

+ ions, which could also be
produced by the dissociative charge transfer

The branching ratio between these products measured in an
ion cyclotron resonance (ICR) study,18 0.53:0.05:0.10:0.32 for
CH3

+/CH4
+/HNC+/HCNH+, is in good agreement with other

published values.25-28 Note that in a very recent experiment,19

to be more representative of the ions present in Titan’s
atmosphere, higher pressures of the methane target gas were
used to allow the primary product ions to undergo further
chemistry. The numeric modeling of the data which includes
consecutive reactions leads to a 0.38:0.03:0.15:0.44 branching
ratio for the primary N+ + CH4 reaction quite different from
that of previously reported studies made at lower pressures.18,25-28

The total rate constant measured at 300 K18,19,25-28 is found to

be between 9.4× 10-10 cm3 s-1 and 14× 10-10 cm3 s-1. The
rate constant value, 8.2× 10-10 cm3 s-1, measured at very low
temperature, 8 K, with the CRESU (Cine´tique de Re´actions en
Ecoulement Supersonique Uniforme) technique,29 is close to the
300 K values. In many reactions of N+ with hydrocarbons,
including methane, Kusunoki and Ottinger et al.30,31 have
identified the NH(A3Π) chemiluminescence in a large range of
collision energies. It means that, for the reaction with CH4, the
CH3

+ product comes at least partly from the N1 channel.
To our knowledge, no reaction of pure metastable N+ state

has been reported in the literature. In several N+ reaction studies,
dissociative ionization of N2 by electron impact is used to
produce excited N+, but only a fraction of the N+ population is
in a metastable state. In the first ones,32,33a 15% population of
the first metastable state1D is estimated, with the remaining
population in the ground state3P. In another one,27 an unknown
mixture of 1D/1S/5S metastable states is believed to constitute
30% of the population, with the remaining 70% in the ground
state3P. This last work27 is, to our knowledge, a unique study
of the reaction of metastable N+ ions with methane. For the
reaction of N+ metastable ions, they report a total rate constant
equal to the rate constant of ground-state ions, 1.1× 10-9 cm3

s-1, and the inferred branching ratio found between the four
main products CH3+/CH4

+/HNC+/HCNH+ is 0.2:0.1:0.3:0.4.27

Remarkably, extensive efforts have been done to characterize
the effects of all of the forms of energy on the O+ + CO2

reaction, including the O+ electronic energy,34-36 the vibrational
and rotational energy of CO237 related to the temperature, and
the mean collision energy, which can be controlled either by
the temperature35,37-46 or by the translational energy of O+

ions.34,36,37,47-53 The transition state theory has been also used
to model these effects.54

For the ground-state O+(4S) reaction, only one exothermic
channel is open at thermal collision energy, which leads to O2

+

formed by the decomposition of a long-lived complex

The isotope distribution of the32O2
+, 34O2

+, and 36O2
+

products observed in the ion-molecule reactions occurring in
an equimolar C(16O)2 + C(18O)2 mixture suggests that the form
of the complex is (OO‚‚‚CO)+ rather than a CO3+ form where
all oxygens are equivalent.48

When collision energy is increased, a new product, CO2
+, is

formed, as suggested first by Schildcrout,49 through the slightly
endothermic charge transfer, which becomes rapidly the domi-
nant channel

At even higher collision energy, above 6 eV in the center of
mass frame, minor products, CO+ and C+, are also observed
and attributed to sequential dissociative charge transfers7,53

rather than to the less endothermic channel

In the 150-900 K temperature range35,37-46 or for collision
energies below few eV,37,47-53 the overall rate constant is almost

N+(3P) + CH4 f CH3
+ + NH ∆H ) -3.4 eV (N1)

f CH4
+ + N ∆H ) -1.9 eV (N2)

f HNC+ + H2 + H

∆H ) -2.4 eV (N3)

f HCNH+ + H2

∆H ) -8.8 eV (N4)

N+(3P) + CH4 f CH3
+ + H + N

∆H ) -0.2 eV (N1′)

O+(4S) + CO2 f O2
+ + CO ∆H ) -1.2 eV (O1)

O+(4S) + CO2 f CO2
+ + O ∆H ) +0.16 eV (O2)

O+(4S) + CO2 f CO+ + O + O

∆H ) +5.9 eV (O3)

f C+ + O + O + O
∆H ) +14.3 eV (O4)

O+(4S) + CO2 f CO+ + O2 ∆H ) +0.7 eV (O5)
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constant or slightly decreasing with temperature or collision
energy and its value lies between 12× 10-10 and 6× 10-10

cm3 s-1. The fraction of CO2+ products, however, strongly varies
with energy. Viggiano et al. have noted that all types of energy
seem to be equally efficient in promoting the endothermic
charge-transfer channel and that it is the total amount of energy
that is the important parameter.37

The O2
+ and CO2

+ cross sections or rate constants for the
metastable states have been derived from experiments where
mixture of states were present. Electrons of variable energy in
impact sources were used to produce the O+(4S) ground state
or a mixture of ground state and metastable states for kiloelec-
tronvolt collisions.34 They estimated from monitor reactions that
the fraction of metastable species (30%) is composed of only
the O+(2D) state,34 but this is reconsidered in another kiloelec-
tronvolt collision study.36 Monitor reactions can also be used
as a filter to eliminate the metastable states from O+(4S, 2D,
2P) mixtures.35,36This method has allowed for the study of the
reaction for either the ground state, O+(4S), or for a mixture of
O+(2D, 2P) metastable states at thermal37 or kiloelectronvolt36

energies. For thermal energies, O+(2D, 2P) is found to react with
the same total rate constant as O+(4S) but to produce almost
exclusively (95%) the charge-transfer product CO2

+.37 At
kiloelectronvolt energies, we note that the charge-transfer cross
section seems to be lower for the metastable states than that
for the ground state34,36at all energies between 0.5 and 5 keV.

To produce pure population of O+ metastable states, two of
the methods already presented above10 have been used, but none
of them to probe the O2+ and CO2

+ productions in the present
O+ + CO2 reaction. The one based on the dissociative charge
transfer of rare gas cations on O2

50 has been used to study the
dissociative charge transfer (O3) producing CO+ at collision
energies above 6 eV.7

In the following section, after the general description of the
experimental setup devoted to the study of ion-molecule
reactions, we will show how the dissociative photoionization
of N2 or O2 can be used together with the TPEPICO coincidence
technique to prepare N+ or O+ atomic ions in well-controlled
internal and translational energy. It is applied here to the study
of the 15N+(3P, 1D) + CD4 and O+(4S, 2D, 2P) + 13CO2

reactions. Our results will then be presented and discussed on
two points of view, (i) understanding the influence of internal
and collision energy on the reaction mechanism and (ii) finding
the importance of metastable ions in ionospheric models.

Experimental Methods

The experimental setup, called CERISES (collision et re´action
d'ions se´lectionnés par electron de seuil) and the methods used
in this work to study state-selected ion-molecule reactions have
already been described in detail.22,55,56Only the important points
will be presented here, focusing special attention on the method
used to produce state-selected N+ and O+ atomic ions. Briefly,
it consists of an ion source and a quadrupole-double octopole-
quadrupole device.

A. General Considerations.Usually, when a stable neutral
M precursor is available, M+ molecular ions are produced in
the source region by the simple photoionization of M by the
monochromatized vacuum ultra violet (VUV) synchrotron
radiation. Here, to produce N+ and O+ ions, we have chosen to
use the dissociative photoionization of N2 and O2, respectively.
To this purpose, we used the SA63 bending magnet beamline
on the 800 MeV Super-ACO storage ring to provide mono-
chromatized photons in the 24-27 eV (N2) and 18-24 eV (O2)
VUV energy range. The parent atomic ions are extracted from

the source and injected in the first quadrupolar mass filter in
which they are separated from other ions with different masses,
in particular, from nondissociated N2

+ (O2
+) ions. They are then

conducted by a first radio frequency (RF) octopolar guide to
the reaction cell, which constitutes the end of this octopole. All
parts of the setup before the cell are held in high vacuum (in
the range of 10-5 mbar in the source and 10-6 mbar in the first
octopole) to avoid unwanted relaxation by collision to occur.

The reaction takes place in the cell with thermal (300 K)
neutral target molecules, CD4 or CO2. The isotopically labeled
15N+ and the deuterated methane have been chosen here to avoid
any mass overlap that would have occurred in the14N+ + CH4

reaction; therefore,15N2 (Eurisotop, France) and CD4 (Cambridge
Isotope Laboratories, Switzerland) gases with 99.4 and 99%
isotopic enrichment, respectively, were used as the precursor
and target gas. For the O+ + CO2 reaction, no mass overlap
was expected, and regular research grade O2 gas was used.
However,13CO2 gas was used because the experiments were
done in a short measurement session during the study of ion-
molecule reaction of13CO2

2+.
The voltage difference between the reaction cell and the

parent ion formation zone defines the parent ion translational
energy from which the mean collision energy in the center of
mass frame is derived. The translational energy distribution of
the primary ion beam is related to the thermal motion of the N2

(O2) precursor, to the finite dimension of the photoionization
region in the source, where a uniform electric field is applied
to extract the photoions and to the transfer from axial to
perpendicular motion in the first quadrupolar mass filter. Its
width is the same in the continuous and pulsed acquisition mode,
which will be described below. The translational energy
distribution of the primary ion beam is derived from the
measurement of the primary ion yield as a function of the
reaction cell voltage and contributes to about 0.2 eV of the width
of the collision energy distribution (fwhm). Depending on the
mean collision energy, the thermal motion of the CD4 (CO2)
neutral target further enlarges this distribution. In principle,
another factor, specific to the atomic ion production that is used
here, should be considered. Because N+ (O+) ions are formed
by dissociative photoionization, the kinetic energy release in
N+ (O+) fragments could modify the parent ion translational
energy distribution. We will see below that it is not the case
here.

The ionic products are extracted from the cell and guided
along a second 42-cm-long RF octopolar device to measure the
product ion time-of-flight (TOF) distributions. TOF spectra are
obtained by the extraction of the parent ions from the source
either with a 800-Hz pulsed field (pulsed acquisition mode) or
in coincidence with threshold electrons (coincidence mode). In
the first case, the internal energy of parent ions is not selected.
After a calibration procedure, these TOF distributions are
inverted into product axial velocity distributions, giving very
important information concerning the reaction mechanisms. The
ionic products are mass selected in a second quadrupolar mass
filter and finally counted on a two-stage multichannel plate
detector.

B. N+ (O+) State Selection.At a given photon energy,hν,
above the limit of the M2 (M ) N or O) dissociative
photoionization, M2

+ and M+ ions can be formed following the
process

and the initial energyhν is distributed according to

M2 + hν f (M2
+)* + e- f M+ + M + e- (1)
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whereIP(M2) is the M2 ionization potential,D0(M+ - M) is
the M2

+ dissociation energy, andEi andEk are the internal and
kinetic energies, respectively. Moreover, ifhν is sufficiently
high, not only the first dissociation limit associated with ground-
state M+ ions and M atoms can be reached but also higher
dissociation limits, associated with either excited M+* ions or
excited M* atoms.

For the case of N2 and O2 dissociative ionization, the
dissociation limits important for this work are given in Table 1
together with their energies.

For energies above the first dissociation limit, if no selection
of the photoelectron energy is performed, both ions M2

+ and
M+ are produced. However, in a TPEPICO experiment, that is,
if only the (M2

+)* ions produced in coincidence with very low
kinetic energy photoelectrons are extracted, then all of the
available energy,hν - IP(M2), is converted into internal energy
of (M2

+)* ion, which fragments. However, nothing prevents
several energetically accessible dissociation limits to be simul-
taneously populated; for instance, that is the case for the N2

dissociative photoionization that we have studied in a previous
TPEPICO experiment.57 Hence, we showed that, in the photon
energy range of 26.2-26.7 eV between the limits of the second
and third dissociation limits, N+(1D) + N(4S) and N+(3P) +
N(2D), about 60% of the N2+* ions fragment toward the second
dissociation limit, thereby producing N+(1D) metastable ions,
and 40% toward the first limit, N+(3P) + N(4S), leading to
ground-state N+(3P) ions. This shows that, with the TPEPICO
technique alone, the dissociative photoionization of M2 does
not allow us to produce pure state-selected M+ fragment ions.
To select only one dissociation limit, and hence only one M+

state, a further discrimination of M+ fragments according to
their recoil kinetic energy is necessary as shown by eq 2.

In the previous study,57 which was done in a different
experimental setup, all N+ fragments were collected regardless
of their recoil energy. Here, in the CERISES setup, a strong
geometrical discrimination of fragment ions with recoil kinetic
energy is made by using a weak extraction field (1.2 V/cm)
and a small 2-mm-diameter hole at the source exit.

The result of such discrimination for the N2 (O2) dissociative
ionization is shown in Figure 1 where the number of N+ (O+)
ions extracted from the source in coincidence with threshold
photoelectrons is plotted as a function of photon energy. In the
Figure, false coincidences, measured at each photon energy, have
been subtracted.

For the N2 case (Figure 1a), a first peak is observed at about
24.3 eV, which is the onset of the N2

+ dissociation leading to
the first limit, N+(3P) + N(4S). At this energy, N+ and N
fragments can only be produced without recoil kinetic energy.

When the photon energy is increased above 24.3 eV, N+ ions
are produced with increasing recoil energy and are thus strongly
discriminated. At 26.2 eV, the onset for the second limit,
N+(1D) + N(4S), a second peak is observed because, at this
energy, N+ ions are again produced without any recoil energy.
If the decrease in the N+ yield measured below 26 eV is
extrapolated to 26.2 eV, the photon energy of the second peak,
it reaches the noise level. Hence, at 26.2 eV, almost pure
production of N+(1D) metastable state is achieved. The number
of measured N+ counts is used to evaluate the statistical noise
level and leads to an estimate of the error in the internal state
population lower than 3% limited by the acquisition time. Hence,
the N+(1D) population is greater than 97%. At 26.7 eV, we
observe a third peak corresponding to the third dissociation limit,
N+(3P) + N(2D). This peak is also associated with the
production of ground-state N+(3P), but to produce it, it is safer
to set the photon energy at 24.3 eV (first peak) to avoid any
possible contamination from the N+(1D) metastable state.

The same behavior is observed for the O2 case (Figure 1b).
The two peaks labeled 3 and 5 correspond to the third and fifth
dissociation limits, O+(2D)+O(3P) and O+(2P)+O(3P), respec-
tively (Table 1). These two limits are known to be very
efficiently populated at their threshold in coincidence with
threshold electrons by dissociative photoionization of O2 in the
region of the III2Πu state of O2

+.58-61 Between the two peaks,
a much less intense structure is also visible and corresponds to
the fourth dissociation limit, O+(4S)+O(1S). Again, if we
consider the signal levels at the maximum of peaks 3 and 5
and just below each of them, one clearly sees that nearly pure
population of O+(2D) and O+(2P) metastable states can be
produced if we set the photon energy at 22.06 and 23.75 eV,
respectively. If the number of measured O+ counts is also used
to evaluate the statistical noise level, then one can say that the
purity of O+(2D) and O+(2P) metastable states produced on these
two peaks is higher than 92 and 94%, respectively. The
production of O+ in its 4S ground state is achieved by setting
the photon energy to 18.73 eV, the first dissociation limit.

A comparison of this technique should be made with the other
methods that have been used to produce N+ or O+ metastable
states. The first advantage over methods such as the one using
electron impact with variable electron energy is that pure
populations of either the ground state or excited states are
produced. Moreover, as just shown, the variation of the
TPEPICO M+ yield as a function of photon energy is a direct
measure of the purity of the excited-state population; thus, we
do not need a monitor reaction or the reaction to be studied

Figure 1. TPEPICO spectra of N+ (a) and O+ (b) in the dissociative
photoionization of N2 and O2, respectively, recorded as a function of
photon energy with strong kinetic energy discrimination of the atomic
fragment ions. The small vertical lines labeled 1-3 in a and 3-6 in b
indicate the energy positions of the dissociation limits given in
Table 1.

hν - IP(M2) ) Ei(M2
+) + Ek(e

-) ) D0(M
+ - M) +

Ei(M
+) + Ei(M) + Ek(M

+) + Ek(M) + Ek(e
-) (2)

TABLE 1: N 2 and O2 Dissociative Ionization Limits and
Their Energies Relative to the Ground State of the Neutral
Molecule N2 or O2

no.
dissociation
limit for N2 E (eV)

dissociation
limit for O2 E (eV)

1 N+(3P)+N(4S) 24.29 O+(4S)+O(3P) 18.73
2 N+(1D)+N(4S) 26.19 O+(4S)+O(1D) 20.70
3 N+(3P)+N(2D) 26.68 O+(2D)+O(3P) 22.06
4 N+(1S)+N(4S) 28.35 O+(4S)+O(1S) 22.92
5 O+(2P)+O(3P) 23.75
6 O+(2D)+O(1D) 24.03
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itself to extract an estimate of the population ratio between the
various states.

Another point of comparison comes from the fact that, as it
was described above, we need to discriminate between two
populations of hot ground-state ions and cold excited ions to
achieve the state selection. This is also the case when dissocia-
tive charge transfer of rare gases R+ (R ) He, Ne, and Ar) on
O2 in a radio frequency (RF) ion guide is used to produce state-
selected O+(4S,2D,2P) ions.62 In this case, they also take
advantage of the different translational energy distributions of
O+ product ions in the4S,2D, and2P states. However, in this
case, because all of the distributions have finite widths with
partial overlap, one has to find an optimum collision energy
and an appropriate RF amplitude and frequency to allow the
best discrimination between them.62 This is not an easy task
because it strongly depends on a good a priori knowledge of
the reaction dynamics. Nevertheless, this was possible in the
case of O2, for which they succeed in producing each of the
O+(4S), O+(2D), and O+(2P) states by charge transfer with Ar+,
Ne+, and He+, respectively.62 The purity of the O+(2D) state
was more than 90% and was estimated to be between 85 and
96% for the O+(2P) state.

Our present method has three advantages. First, the state-
selected fragment ion has zero kinetic energy, thus it is much
easier to separate it from energetic ions. Second, the kinetic
energy of all fragments is perfectly known. The third advantage
concerns the collision energy distribution, which is an important
parameter for the reaction dynamics. Because the state-selected
fragment ion has no recoil energy, there is no broadening of
the collision energy distribution induced by the fragmentation
process, whereas when dissociative charge transfer of rare gases
on O2 is used, the O+ ion products have some kinetic energy
due to the exothermicity of the charge-transfer reaction.7 To
reduce the translational energy distribution to 0.5 eV, they used
a differential retarding potential method.63

However, not all states are produced by dissociative ioniza-
tion; for instance, we have not been able to produce any
N+(1S) state near 28.35 eV, the energy of the fourth dissociation
limit N+(1S)+ N(4S), in the dissociative photoionization of N2.22

Another drawback of the method is the inherent low signal
associated with coincidence techniques.

Results

A. 15N+ + CD4 Reaction.1. Continuous Acquisition Mode.
Figure 2 shows an example of a mass spectrum recorded at mean
collision energy of 0.3 eV in the CM frame.

In this experiment, the dissociative photoionization of N2 has
been used to produce the N+ parent ions. For a better sensitivity,
ions are continuously extracted from the source toward the

reaction cell. The maximum N+ ion yield is at 25.1 eV of photon
energy. This efficient mode of acquisition, called the continuous
mode, is very useful for a first exploration of the system.
Because 25.1 eV is below the second limit of dissociation, all
N+ parent ions are in the3P ground state.

The ion yield shown in Figure 2 is actually the difference
between two spectra recorded with the target gas put in the
reaction cell or in the main chamber to get rid of the ions
produced outside the cell. It is why the15N+ parent ion signal
does not appear at mass (m/q) 15. As observed in previous
studies, the four main products of CD3

+, CD4
+, DCN+ (DNC+),

and DCND+ (D2CN+) are observed at masses 18, 20, 29, and
31, respectively. The signal at mass 22 and 34 is attributed to
CD5

+ and C2D5
+ products, which result from the secondary

reactions CD4+ + CD4 and CD3
+ + CD4, respectively, as can

be demonstrated by varying the pressure of the target gas.
Because these reactions are very efficient,17 the pressure in the
cell was kept low to avoid underestimating the CD3

+ and CD4
+

productions. Another reaction, DCN+ + CD4, which is known
to efficiently produce DCND+ ions,17 could have also altered
the ratio between DCN+ and DCND+ products for too large
pressures. Very low signals observed at other masses, such as
17 and 19, could be attributed to ND+ and ND2

+ minor products.
After the subtraction of the13CD3

+ contribution to mass 19,
ND2

+ could only account for less than 0.5% of the products.
These minor channels will not be considered in the following.

The continuous mode was also used to have a first qualitative
estimate of the effect of N+ parent excitation. In Figure 3, the
absolute cross sections for each of the four main products,
measured at a collision energyECM ) 0.3 eV, are displayed as
a function of the photon energy used to create N+ ions. The
cross sections were derived from the ratio of product to parent
ion intensities and from the measurement of the absolute target
gas pressure.21,55,56The uncertainty on the absolute cross sections
is estimated to 25%.

As in the preceding experiment, we know that below 26.2
eV only N+(3P) ions can be produced; therefore, in this energy
range, the values are actual measurements of the15N+(3P) +
CD4 reaction cross sections, and as expected, they do not vary
with photon energy. Above 26.2 eV, the second dissociation
limit is accessible. However, because no selection of the N+

state is made in the continuous mode, parent ions are formed
in a mixture of N+(3P) and N+(1D) states. In this range, the
measurements correspond to an effective cross section for this
mixed population. A strong variation is observed at the N+(1D)
onset for the CD3+ and CD4

+ ion products. Because only a
fraction of N+ ions are in the excited1D state, the reaction cross
sections for these two products can be predicted to be very

Figure 2. Product ion mass spectrum for the15N+ + CD4 reaction at
a collision energy ofECM ) 0.3 eV recorded at a photon energy of
25.1 eV.

Figure 3. Absolute cross sections of the15N+ + CD4 reaction for the
CD3

+, CD4
+, DCN+, and DCND+ products at a collision energy of

ECM ) 0.3 eV. All 15N+ parent ions produced by dissociative
photoionization which exit the source are allowed to react. As a function
photon energy, they correspond to3P ground state or a mixing of3P
and1D state above 26.2 eV.
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different for the excited N+(1D) state reaction (much lower for
CD3

+ and much higher for CD4+). Whereas for the DCN+ and
DCND+ products, the measured effective cross sections do not
vary much with photon energy, only a small increase is observed
above 26.2 eV for the DCN+ product. This tells us that N+

excitation to1D is not expected to induce very strong variations
on the cross sections for DCN+ and DCND+ production.

2. Coincidence and Pulsed Acquisition Modes.When ground-
state parent ions are extracted in a pulsed mode, either in
coincidence with the threshold electron or not, there is a major
advantage. Indeed, all product ions are extracted, in particular,
those that are backward scattered in the laboratory frame. This
is achieved by pulsing the exit electrode of the first quadrupole
to reflect backward ions toward the detector. Taking advantage
of this, we used two modes to measure the absolute reaction
cross section of N+(3P) ground state, the coincidence mode and
the pulsed mode. The coincidence measurements were made at
24.3 eV of photon energy, which corresponds to the N+(3P)
onset. The pulsed acquisition mode measurements were made
at 25.1 eV of photon energy, which is below the N+(1D) onset
and corresponds to the maximum N+ ion yield. The latter mode
was used because it gives a better signal-to-noise ratio than the
coincidence measurements.

For N+(1D) reaction cross section measurements, only the
coincidence mode was used at 26.2 eV of photon energy to
allow state selection.

Figure 4 shows measured absolute reaction cross sections for
both the3P and1D states of15N+ as a function of collision
energy.

For the N+(3P)+ CD4 reaction (Figure 4a), both modes were
used atECM ) 0.36 eV and they give very similar results, as
expected. The reaction cross section decreases withECM for all
products except for CD4+, for which a small cross section almost
independent ofECM is measured. DCN+ and DCND+ cross
sections have the same collision energy dependence, which is
indicated by data recorded in the continuous mode, not shown
here. This decrease with collision energy is a first indication
that DCN+ and DCND+ products come from the decomposition
of a long-lived complex. The absence of variation in the CD4

+

cross section is compatible with a charge-transfer process. At
all ECM values, CD3+ is by far the main product, and, even if
its cross section also clearly decreases withECM, especially in
the lowest range, its dependence is quite different and the cross
section reaches a plateau above 1 eV. This more complex
behavior of the CD3+ cross section will be discussed later. Let

us only recall here that it could be formed either from
dissociative charge transfer or D- transfer.

For the N+(1D) + CD4 reaction (Figure 4b), a drastic variation
in the cross sections with N+ excitation for CD3

+ and CD4
+

products is observed as expected above from the measurements
in the continuous mode of the effective cross sections as a
function of photon energy. Indeed, a reduction in the CD3

+ cross
section by a factor 7 and an increase in the CD4

+ cross section
by a factor 5 are measured when N+ is excited into the1D state.
Whereas for the DCN+ and DCND+ products, relatively smaller
variations of the cross sections are observed. They are higher
than the ground-state cross sections by about 90 and 17% for
DCN+ and DCND+, respectively, and they also decrease with
collision energy.

Time-of-flight spectra and axial velocity distributions of
parent and product ions are shown in Figure 5. Because of the
cylindrical symmetry of the experiment, axial velocity distribu-
tionsP(V) of the reaction products can be derived from the time-
of-flight (TOF) distributionsP(t) after a calibration procedure
of distances and potentials. The most significant examples of
the TOF (Figure 5a-d) and axial velocity distributions (Figure
5e-h) in the LAB frame are given for 1 eV of collision energy.
The measurements have also been done atECM ) 0.36 eV.

As expected for the decomposition of a long-lived complex,
the DCND+ velocity distribution (Figure 5h) is symmetric and
centered around the center of mass velocity. However, the
distribution extends very far on both sides beyond the dashed
lines, which correspond to the maximum product axial velocities
when the kinetic energy of the reactants and products are the
same. Because the channel corresponding to the DCND+

production is very exothermic, it is not surprising that at least

Figure 4. Absolute cross sections for the production of CD3
+, CD4

+,
DCN+ (DNC+), and DCND+ as a function of collision energy for the
15N+(3P, 1D) + CD4 reaction. In a, parent ions are prepared in the N+-
(3P) state in coincidence with threshold electrons at 24.3 eV photon
energy (full symbols) or in the pulsed mode (see text) at 25.1 eV (open
symbols). In b, parent ions are prepared in the N+(1D) state in
coincidence with threshold electrons at 26.2 eV of photon energy. The
symbol correspondence is indicated in b only but is identical in a.

Figure 5. Time-of-flight (left) and axial velocity (right) distributions
of 15N+ parent ions and CD3+, CD4

+, and DCND+ product ions for the
15N+ + CD4 reaction at a collision energyECM ) 1 eV. CD3

+ and
DCND+ products have been recorded for the reaction of N+(3P) ground
state and CD4+ products for the reaction of N+(1D) metastable state.
Axial velocity distributions are given in the laboratory frame. In e, the
vertical dotted line indicates the expected velocity of parent ions. In
f-h, the vertical continuous line indicates the velocity of the center of
mass, and the dashed lines define the product axial velocity range if
the total kinetic energy is the same before and after the reaction.
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a fraction of the available energy is converted into product
kinetic energy. The same behavior is observed for DCN+

(DNC+) products.
In contrast, the CD3+ and CD4

+ velocity distributions clearly
peak at low velocities in the LAB frame, indicating that these
products are emitted backward in the center of mass frame. Quite
similar distributions within our resolution are observed for
excited1D and ground state3P reactions for each of these two
products. These low velocity distributions are expected in the
case of a direct charge transfer (CD4

+) or dissociative charge
transfer (CD3

+). However, for CD3
+, the distribution is also

compatible with an “D-” transfer processes for which an
osculating complex of short lifetime has been already observed.
In such cases, the ND and CD3

+ product are expected
predominantly in the forward and backward hemispheres,
respectively.64

B. O+ + 13CO2 Reaction. We also used two acquisition
modes here, the coincidence and continuous modes. The
coincidence mode was used at the photon energies 18.73, 22.06,
and 23.75 eV to prepare O+ ions with pure4S, 2D, or 2P
excitation, respectively, but for only one collision energy,ECM

) 0.36 eV. The continuous mode with photon energies below
the first excited dissociation limit was used to look at the
O+(4S) reaction at other collision energies from 0.1 to 3.3 eV.
The reaction cross sections measured for the two observed
products, O2+ and13CO2

+, are displayed in Figure 6.
For the O+(4S) reaction, we see in Figure 6b that, at very

low collision energies, only O2+ products are formed, as
expected, because the charge-transfer channel (O2) is endo-
thermic by 0.2 eV. The small amount of CO2

+ products at the
lowest collision energy is the result of our collision energy
resolution. As collision energy is increased, the O2

+ cross section
strongly decreases, which is indicative of a product coming from
the decomposition of a long-lived complex. At the same time,
the CO2

+ becomes very rapidly the major product, meaning that
the collision energy overcomes the 0.2 eV endothermicity. The
total cross section,σTOT, summed over the two products is
displayed in Figure 6b. Its dependence on collision was found

to be (ECM)-0.47, slightly less steep than the capture cross section,
whereas the O2+ dependence is steeper (ECM)-1.1.

When the O+ parent ion is excited to the2D or 2P states,
O2

+ formation is not observed anymore atECM ) 0.36 eV, to
the precision of our coincidence measurement. This means that
CO2

+ is the unique product (>95%) for the O+(2D) + CO2 and
O+(2P) + CO2 reactions atECM ) 0.36 eV. At this collision
energy, the O+(2P) reaction is about 60% more efficient to
produce CO2+ than the O+(2D) reaction, which was itself already
60% more efficient than the O+(4S) reaction to make this
product. If we consider the sum over all products, the efficiency
ratio of O+(4S), O+(2D), and O+(2P) reactions with CO2 is
1:0.85:1.40 atECM ) 0.36 eV. Because we are giving a relative
ratio here, the uncertainties are related to the relative uncertainty
of cross section measurements, which, here, is about 10%.

Discussion

A. 15N+ + CD4 Reaction.We have seen that the four main
products can be clearly divided in two distinct groups according
to the two main classes of processes that account for their
production. On one hand, DCN+ and DCND+ seem to result
from the decomposition of a long-lived complex, and on the
other hand, the CD3+ and CD4

+ products are associated to more
direct processes. However, many important questions remain.
First of all, we have to determine the nature of the complex
and its decay into many competitive dissociative channels. It is
not clear either which of the two channels, the dissociative
charge transfer (N1′) or the D- transfer (N1), is responsible for
the CD3

+ production, and how both processes compete with
the non dissociative charge transfer (N2). Finally, one has to
describe the competition between the two main classes of
processes, and especially here, what the role of parent ion
excitation is in these processes. These points will be discussed
in the following. But let us first compare our results to what is
already known about this system.

1. Total Reaction Cross Section and Branching Ratio.At all
collision energies at which the cross sections of the four products
were measured, either in the coincidence or in the pulsed mode,
the sum of these four values was calculated. It should closely
represent the total reaction cross section because these four
products are, by far, the major ones. By multiplying the total
cross section by the reactant mean relative velocity, it is
converted into the total reaction rate constant. These values are
reported in Figure 7 as a function of collision energy.

When we evaluate the dependence on collision energyECM

of the total cross section with a functional formA(ECM)R, the
value found for theR is very close to-0.5. Such a dependence,
typical of the Langevin cross section that describes the capture
process, is shown by the dotted line in Figure 7a. After
conversion, it corresponds to a rate constant of 15× 10-10 cm3

s-1, shown in Figure 7b. At 300 K, rate constants reported in
the literature25-28 for the N+ + CH4 reaction range between
9.4 × 10-10 and 14× 10-10 cm3 s-1, and the Langevin cross
section itself, which represents the maximum cross section for
a capture process, is 14× 10-10 cm3 s-1. Our value is slightly
higher than these values and is 25% higher than the recom-
mended value,18 12× 10-10 cm3 s-1. The difference is, however,
within the uncertainty of our absolute measurements.

The branching ratio between the four major products CH3
+/

CH4
+/HCN+/HCNH+ for the N+ + CH4 reaction have been

reported in the literature.18,19,25-28 The evaluated values, 0.53:
0.05:0.10:0.32, which are used in planetary ionospheric models,
were measured at a temperature of 300 K18 and are shown in
Figure 8 together with the branching ratio for the15N+ + CD4

Figure 6. Absolute cross sections of the state-selected O+(4S, 2D, 2P)
+ 13CO2 reaction. (a): In the coincidence mode as a function of O+

internal energy atECM ) 0.36 eV, for O2
+ (O) and CO2

+ (b). (b): In
the continuous mode as a function of collision energy for the ground-
state O+(4S).σTOT is the total cross section summed over O2

+ and CO2
+

products (s).
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reaction measured in this work as a function of collision energy
and parent-ion excitation.

For ions in the ground-state N+(3P), one sees in Figure 8
that the major effect of collision energy is to favor the products
issued from the direct processes, CD3

+ and CD4
+, at the expense

of the products coming from the long-lived collision complex
decomposition, DCN+ and DCND+, as expected. The values
for the coincidence and pulsed experiments at the lowest

collision energy, 0.36 eV, are 0.51:0.11:0.09:0.29 and 0.58:0.07:
0.09:0.26, respectively, in good agreement with the McEwan18

values, indicating that there is a negligible isotopic effect.
For excited N+(1D) ions, the CD3+ and CD4

+ branching ratios,
which also increase with collision energy, are smaller than for
the ground-state N+(3P) case, and on the contrary, the DCN+

and DCND+ branching ratios are higher. AtECM ) 0.36 eV,
the branching ratio is 0.09:0.40:0.18:0.33 meaning that the
(CD3

+ + CD4
+)/(DCN+ + DCND+) ratio is equal to 0.62:0.38

and 0.49:0.51 for the N+(3P) and N+(1D) reaction, respectively.
But the major effect of N+ excitation is a complete reversal of
the CD3

+/CD4
+ ratio from 4.5:1 to 1:4.7.

Only one work, to our knowledge, reports branching ratios
for the reaction of metastable state of14N+ ions with CH4.27

The authors estimate that the N+ population is constituted by
70% of N+(3P) ground state and 30% of an unknown mixture
of the first three metastable states N+(1D,1S,5S). For the
metastable population only, they infer a product distribution
CH3

+/CH4
+/HCN+/HCNH+ equal to 0.2:0.1:0.3:0.4. It is dif-

ficult to make a direct comparison of this value to ours,
considering the uncertainty of their metastable state composition.
However, their ratios ((CH3+ + CH4

+)/(HCN+ + HCNH+) )
0.3:0.7 and CH3+/CH4

+ ) 0.2:0.1) suggest that other states than
the 1D state might have been populated in their experiment.

2. Long-LiVed Complex.We have shown that the observations
made for the DCN+(DNC+) and DCND+ (D2CN)+ products
suggest that they result from the decomposition of a long-lived
complex. This is not surprising because their production implies
the formation of a new C-N bond. Two stable ions CH2NH2

+

and CH3NH+ which lie 11 and 10 eV below the entrance
channel N+ + CH4, respectively, are good candidates to be such
a complex.

A fit with the A(ECM)R form of the dependence of DCN+

and DCND+ cross sections withECM, gives a value ofR equal
to -1.5 for the N+(3P) reaction, much steeper than that for the
Langevin cross section. The difference here is probably the result
of the strong competitive processes that lead directly to CD3

+

and CD4
+ products before the formation of such a stable

complex, which are relatively more efficient at higher collision
energies.

We measured that the dissociation of the complex leads
essentially to DCN+(DNC+) and DCND+ (D2CN)+ production
in a 1:3 ratio. If we consider only the lowest channels that lead
to these products, DNC+ + D2 + D (-2.4 eV), DCN+ + D2 +
D (-1.4 eV), DCND+ + D2 (-8.8 eV), and D2CN+ + D2 (-5.5
eV), one sees that the DCND+ (D2CN)+ production is by far
the most exothermic and one could have expected an even lower
DCN+/DCND+ ratio. A complete statistical calculation of the
complex dissociation would be highly valuable to make a
reliable prediction of this ratio. To this purpose, other channels
have to be considered, for instance, the two channels associated
with DCND+ (D2CN)+ triplet states,65 DCND+*+ D2 (-3.3 eV),
and D2CN+*+ D2 (-3.2 eV), which are less exothermic.
Moreover, sequential dissociations have to be included as well
through the three following schemes

Note that the (NCD)+ + D + D + D channel, which is
endothermic by more than 2 eV, cannot be reached, which
explains why scheme S3 ends at (NCD2)+ + D + D.

Figure 7. Total cross sections (a) and rate constants (b) summed over
CD3

+, CD4
+, DCN+, and DCND+ products for the15N+ + CD4 reaction

as a function of collision energy.15N+(3P,1D) parent ions are produced
in coincidence with threshold electrons (full symbols) or in the pulsed
mode (open symbols). The dotted curve in panel a follows an (ECM)-1/2

dependence and corresponds to a rate constant of 15× 10-10 cm3 s-1

(dotted horizontal line in b).

Figure 8. Product branching ratio CD3+/CD4
+/DCN+/DCND+ for the

15N+ + CD4 reaction with the same notation as that in Figure 4. The
corresponding nondeuterated values evaluated in the literature,18 for
the14N+(3P) + CH4 reaction at a temperature 300 K, are shown at low
energies by a dashed line in a.

(NCD4)
+ f (NCD2)

+ + D2 f (NCD)+ + D + D2 (S1)

(NCD4)
+ f (NCD3)

+ + D f (NCD)+ + D2 + D (S2)

f (NCD2)
+ + D + D (S3)
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Effect of N+(1D) Excitation. Very surprisingly, the DCN+

and DCND+ products are favored by the parent ion excitation
by more than 30%. Because the DCN+ and DCND+ productions
are linked to the complex formation, which is, as already
mentioned, in strong competition with the direct processes, the
DCN+ and DCND+ variation could thus result from the effect
of the N+(1D) excitation on the charge transfer and D- transfer
processes as discussed below.

3. The CD3
+/CD4

+ Channels. The two points that are
important to discuss here are whether CD3

+ is formed by the
hydride abstraction reaction (N1) or by the dissociative charge-
transfer reaction (N1′) and how to explain the evolution of the
CD3

+/CD4
+ ratio as a function of N+ parent ion excitation. For

this purpose, an energy diagram restricted to these channels is
shown in Figure 9, which includes the levels associated with
the excited2D and2P states of the neutral atom N and the first
three excited states of NH.

It is clear from the work of Kunusoki and Ottinger,30,31who
have observed the NH(A3Π f X3Σ-) chemiluminescence in
the N+(3P) + CH4 reaction, that the H- abstraction (channel
N1), can account, at least in part, for the production of CH3

+.
They propose a two step mechanism, for collision energies from
1.6 up to 5 eV in the center of mass frame, compatible with
their observations of the internal (rotational and vibrational)
energy distributions of the NH(A3Π) product. The first step is
the charge transfer from CH4 to N+, and in the second step, the
resulting N atom takes away one H atom from the ionized
methane to form NH(A3Π) in a stripping mechanism with no
momentum transfer. This would lead to CH3

+ products scattered
in the backward hemisphere relative to the N+ parent ion as
observed in this work for the CD3+ product. The NH could also
be formed in a lower state as for example in its ground-state
NH(X3Σ-). However, the mechanism proposed for the formation
of the NH(A3Π) chemiluminescent state, might not be the same
for the ground-state NH(X3Σ-), whose formation is exothermic
by more than 3 eV. Therefore, it is more difficult to predict
where the CH3+ products associated with NH(X3Σ-) would be
scattered. Moreover, in this work, only relative cross sections
are measured for the production of the NH(A3Π) chemilumi-
nescent state;30,31 therefore, we cannot estimate the total
efficiency of the N1 channel only from these observations.

However, it is clear from our work that the charge transfer
that also occurs as the production of CD4

+, which is observed,
can only be accounted for by the non dissociative charge transfer
(N2); therefore, it is important to discuss whether the dissociative
charge transfer (N1′) could also contribute to the CD3+

production.
The time-of-flight and axial velocity distributions shown in

Figure 5 for CD3
+ and CD4

+ and the large value of their
summed cross section suggest a near-resonant charge transfer.
Moreover, this sum varies with collision energy as (ECM)-0.23,

which is a much less steep decrease than the Langevin cross
section. A similar behavior, (ECM)-1/3, is observed for the Kr+

+ CH4 charge transfer, for which a resonant charge-transfer
model reasonably accounts for this dependence.66 Therefore,
the observed data is very compatible with an efficient charge
transfer.

We also looked to see if the CD3
+/CD4

+ ratio is compatible
with such a mechanism. To discuss this point, it is very useful
to compare it to the ratio of dissociated to undissociated products
CD3

+/CD4
+ following the CD4

+ fragmentation as a function of
its internal energy. This information is known from the
TPEPICO study of the dissociative photoionization of methane.67

In this study, the energy for the crossover of the CD3
+ + D

and the CD4+ curves in the CD4+* breakdown diagram67 is at
14.3 eV above the CD4 ground state. Above this energy, CD4

+

rapidly dissociates into CD3+* + D. Because the recombination
energy of N+ is 14.53 eV, if we assume that all CD3

+ ions
come from the dissociative charge transfer, then the 0.82:0.18
ratio observed for the N+(3P) reaction would correspond to an
equivalent dissociation of CD4+* at 14.4 eV. This means that a
near-resonant charge transfer between N+ and CD4 that is
exothermic by only 0.1 eV is compatible with the observed ratio.
At the other extreme, if we suppose that all CD4

+ charge-transfer
products remain undissociated, then it would correspond to a
charge transfer that is exothermic by more than 0.3 eV. The
comparison with the Kr+ charge transfer with CH4 is also useful
for this discussion because the N+(3P) recombination energy,
14.53 eV, is between the two recombination energies, 14.0 and
14.66 eV, of the Kr+ spin-orbit states, 2P3/2 and 2P1/2,
respectively. The Kr+ + CH4 reaction has been extensively
studied for statistical mixtures of the spin-orbit states66,68,69or
with selection of these states.70,71 It was found that the charge
transfer is near resonant and populates a range of CH4

+ internal
energies of(0.5 eV around the Kr+ recombination energy
producing CH3

+ and CH4
+ ions essentially in the backward

hemisphere. At thermal energies, the Kr+(2P3/2) reaction leads
to undissociated CH4+ products ,and the Kr+(2P1/2) reaction leads
to a 0.9:0.1 ratio of dissociated to undissociated products CH3

+/
CH4

+. An intermediate ratio of 0.3:0.7 is found for a statistical
population of the two Kr+ spin-orbit states,66 but it increases
to 0.4:0.6 at 2 eV of collision energy. For the Kr+(2P3/2) reaction,
if the collision energy is large enough, then there is also a much
more isotropic CH3+ production by an inelastic dissociative
charge transfer in which translational energy is converted into
internal energy.69 This process is less efficient than the near-
resonant charge transfer. At 1.2 eV, for instance, the CH3

+

component represents about 15% of the Kr+(2P3/2) reactivity,
the remaining 85% being CH4+ products.69 Our ratio of 0.82:
0.18, which is quite constant with collision energy, is intermedi-
ate between the Kr+(2P3/2) and Kr+(2P1/2) values given above
but closer from the latter, which is consistent with the
intermediate value of the N+ recombination energy, 14.53 eV.
As a summary, the CD3+/CD4

+ ratio is compatible with a near-
resonant charge transfer and suggests that the dissociative charge
transfer (N1′) could be the major channel to produce CD3

+ ions.
The most striking effect of N+ excitation in the1D state is

the reversal of the CD3+ and CD4
+ productions. If we assume

that the CD4
+* ions have already enough energy to fragment

in the ground-state reaction, then it is surprising that when 1.9
eV is added by the N+ excitation CD4

+* ions are not completely
dissociated. However, for both processes, (N1) and (N2), an
analysis of the spin conservation rules should be made first.

For the H- transfer, it is believed that the spin conservation
rule is respected.30,31 For the N+(3P) + CD4 reaction, the

Figure 9. Energy diagram of the N+(3P, 1D) + CH4 reaction for the
entrance and N2, N1, and N1′ product channels.
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entrance channel is a triplet surface as is the observed exit
channel, ND(A3Π) + CD3

+ and also the ground-state level,
ND(X3Σ-) + CD3

+. The N+ excitation implies that the entrance
channel is now a singlet surface, which cannot lead to the triplet
surfaces ND(X3Σ-, A3Π) + CD3

+.30,31However, there are two
ND singlet states, a1∆ and b1Σ-, that lie between the X and A
states (Figure 9), which could be populated according to the
spin conservation rule in the N+(1D) + CD4 reaction.

Whereas for the charge-transfer processes N2 and N1′, the
situation is different. In the N+(3P) recombination, doublet and
quartet states of N are allowed to be formed, in particular, the
lowest levels N(4S, 2D, 2P). However, in the N+(1D) recombina-
tion, because only doublet states can be formed, the recombina-
tion toward the ground-state N(4S) is now forbidden and only
the excited states N(2D, 2P) are allowed to be formed. Thus,
the two channels CD4+ + N(4S) and CD3

+ + D + N(4S) are
spin forbidden from the N+(1D) + CD4 entrance channel, only
the upper channels associated with N(2D) or N(2P) would be
spin allowed. For the nondissociative charge transfer (N2), these
CD4

+ + N(2D) and CD4
+ + N(2P) levels are energetically

accessible from the N+(1D) + CD4 entrance channel, but for
the dissociative charge transfer (N1′), the CD3

+ + D + N(2D)
and CD3

+ + D + N(2P) levels are not energetically accessible.
Thus, the near-resonant nondissociative charge transfer (N2) is
still possible, but the dissociative charge transfer (N1′) needs
at least 0.3 eV collision energy to be converted into internal
energy, which makes this process much less efficient, as reported
for the Kr+ + CH4 reaction.69 Thus, with N+ excitation, the
strong reduction of the N1′ channel seems to explain the
observed decrease of CD3

+ products and increase of the
undissociated charge-transfer products, CD4

+, well.
Moreover, if some of the remaining CD3

+ products observed
in the N+(1D) + CD4 reaction would still come from the N1′
channel, then their velocity distribution would not be peaked
in the backward hemisphere as observed but much more
isotropically as that for the Kr+ + CH4 reaction;69 therefore, it
is most probable that this remaining fraction of CD3

+ products
comes from the D- abstraction channel (N1) only. If the
decrease of CD3+ products with N+ excitation is interpreted as
the closing of the N1′ channel, then it is reasonable to think
that, for the ground-state N+(3P) reaction, a comparable and
small amount of CD3+ products is due to the N1 channel, which
has no reason to be strongly affected by the N+ excitation as
discussed above.

To summarize, it seems that the near-resonant charge transfer,
which can occur even at very large impact parameters,
dominates. To explain the lower efficiency of the N1 channel,
it could be possible that the D transfer occurs, following the
charge transfer, only at smaller impact parameters. Apart from
the competition between the N1, N2, and N1′ channels, N+

excitation also reduces the overall efficiency of these processes
compared to that of the N3 and N4 channels. It is possible that
the competition between the formation of the complex and the
charge and D transfer is more in favor of the former, which
would explain the relative increase of DCN+ and DCND+

products with N+(1D) excitation; for instance, the near-resonant
part of the Kr+ + CH4 total (nondissociative and dissociative)
charge transfer is known to be much less efficient for Kr+ (2P1/2)
than for Kr+ (2P3/2),69 although these two states are separated
by only 0.66 eV.

B. O+ + CO2 Reaction.The principal results of this work,
particularly the measurement of the cross sections for O2

+ and
CO2

+ production for each of the two pure metastable states
O+(2D) and O+(2P), which was done for the first time here,

will be discussed in view of what was previously stated for
this system,37 at least for energies below a few eV, namely,

- the energy has a relatively small effect on the overall
efficiency of the reaction

- any kind of energy has the same strong effect on enhancing
the branching ratio into the charge-transfer channel (O2) leading
to CO2

+ at the expense of the O1 channel leading to O2
+.

As observed in the literature for the ground-state reaction,
we have seen a steep decrease in the O2

+ product cross section
with collision energy (Figure 6). It follows a (ECM)-1.1 depen-
dence, which has to be compared with the (E)-0.8 and (ECM)-1.2

dependence observed for O2
+ production by Paulson et al.48

and Flesh et al.53, respectively, and to the (V)-1.6 (i.e., (E)-0.8)
dependence observed by Johnsen et al.50 (although it is not clear
if it is for the O+ disappearance cross section or for the O2

+

production cross section). This deviation from the Langevin-
capture cross-section dependence can be accounted for by the
CO2

+ production increase observed at the same time because
the total cross section almost follows a Langevin dependence
(the exponent is-0.47 instead of-0.5).

By multiplication by the mean relative velocity, the total cross
section is converted into the total rate constant, shown in Figure
10. It varies slowly over a collision energy range of 3 eV, around
a mean value of 5× 10-10 cm3 s-1, which is slightly below the
range of values, 6 to 12× 10-10 cm3 s-1, found in the
literature.35,37-45,47-52

In contrast, the branching ratio between the O2
+ and CO2

+

products varies rapidly with collision energy, as seen in Figure
10. CO2

+ production is expected because the charge transfer
endothermicity, 0.16 eV, can be, in part, overcome by collision
energy or by internal energy, according to Viggiano.37 If it is
assumed that the reaction proceeds through a long-lived
complex, as it is suggested by the product ion energy distribution
for energies lower than 0.8 eV (ref 17 in ref 37), then the CO2

+

ratio is surprisingly strong, in a statistical point of view that
energetically favors the O2+ channel. A transition-state-theory-
based modeling of this reaction54 has incorporated a constant
intersystem crossing rate constant of about 1× 1011 s-1 for the
transition from a quartet to a doublet CO3

+ complex because
this intersystem crossing is a prerequisite to the production of
the low energy product O2+ + CO, which is a doublet. With
the inclusion of this intersystem crossing rate constant of
adequate magnitude, the model reasonably predicts the rate
constant and the branching ratio for energies below 0.6 eV.54

In Figure 10, note that at larger collision energies, above 2
eV, the CO2

+ branching ratio does not vary by more than 10%
because it is already close to 100%, and the charge transfer
cross section, which is close to the total cross section (Figure
6.) slowly decreases. It is not expected that, extrapolated to 5
eV collision energy, the efficiency of the charge transfer would
be much higher. For the three state-selected4S/2D/2P reactions,

Figure 10. Branching ratio (dots and left scale) between O2
+ and CO2

+

products and total rate constantkTOT (full line and right scale) for the
O+(4S) + CO2 reaction as a function of collision energy.
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whose excitation energy are 0:3.3:5 eV, the ratios of the cross
sections, measured at 0.36 eV, are 1:0.85:1.40 for the total values
and 1:1.61:2.63 for the charge transfer only. These values are
not predictable by a model in which the electronic energy plays
the same role as any kind of energy. In a statistical model, such
as the one used for the4S reaction,54 the reaction of O+ in the
doublet states2D or 2P no longer requires an intersystem crossing
to reach the doublet O2+ product channel. Thus, such a model
would predict a higher fraction of O2+ products than it would
for the4S reaction in complete contradiction with our measure-
ments. We believe that the dynamics are different when the
system starts from the excited surface O+(2D, 2P) + CO2.

It is reasonable to think that other parameters are driving the
reaction and especially the charge transfer, such as energy
defects and vibrational Franck Condon factors with all possible
final states. All recombination energies of O+(4S,2D, 2P) states
to neutral O(3P,1D, 1S) states are compared in Table 2 with the
ionization energies of CO2 from its ground state to the first three
excited states of CO2+, X2Πg, A2Πu, and B2Σu

+.
The charge-transfer reaction from O+ in the2D and2P excited

states has quite different energy defects than those from the
O+ ground state4S; for instance, the2D recombination to the
3P is not sufficient to reach the A2Πu state (-0.37 eV), and its
recombination to the1D is above the X2Πg state (+1.2 eV).
Whereas the2P recombination to the3P is just above the B2Σu

+

state (+0.57 eV), and its recombination to the1S state is just
above the X2Πg state (+0.67 eV). By also considering the
energy defects between CO2 and CO2

+ individual vibronic levels
and their overlaps (Franck Condon factors), this could give an
explanation of the much larger efficiency of the charge transfer
relative to the complex formation products for the O+ (2D, 2P)
reaction.

Conclusions

We have shown that dissociative photoionization of N2 and
O2 associated with threshold photoelectron-photoion coinci-
dences (TPEPICO) is a good method to produce state-selected
atomic ions, such as N+(1D) and O+(2D, 2P), if a discrimination
on atomic ions produced with recoil energy is applied. The main
advantage of the method is its ability to produce pure reactant
ions without broadening their translational energy, which is
important for the study of reaction dynamics. This technique
was applied for the first time to the study of the state-selected
15N+(3P, 1D) + CD4 and O+(4S, 2D, 2P) + 13CO2 reactions.

For both reactions, there is a strong competition between the
charge-transfer process and the formation of a long-lived
complex. For the reaction of N+ with methane, there is also an
intermediate H- abstraction process, which probably plays only
a minor role.

Clearly, excitation of the parent atomic ion does not play the
same role as other forms of energy because the charge transfer

is very sensitive to the nature of the initial and final states and
to small energy defects between them. A very clear example of
this, for the reaction of N+ with methane, is the very surprising
reversal of dissociative to nondissociative charge transfer when
the N+ ion is excited from the3P ground state to the metastable
1D state, even though this excitation brings 2 eV to the system.
This is because, for the N(1D)+ + CH4 reaction, among the
exothermic channels, the two nondissociative charge-transfer
channels CH4+ + N(2D) and CH4

+ + N(2P) are spin allowed
and that the dissociative charge-transfer channel CH3

+ + H +
N(4S) is spin forbidden. In this case, the spin conservation rule
in the recombination step makes the reaction very sensitive to
the initial state. For the O+ reaction too, it is very surprising to
see that the charge transfer so rapidly overcomes its endother-
micity and becomes by far the major process. It has been
suggested54 that, within the complex, an intersystem crossing
rate constant between the quartet surface of the O+ + CO2

reactants and the doublet surface of the O2
+ + CO products is

necessary to understand the fast increase in the charge-transfer
CO2

+ product with energy. Our results for the charge-transfer
O+(2D) and O+(2P) reactions with CO2 show, however, that for
this reaction also, the charge transfer is probably sensitive to
energy defects and the nature of the states.

These reactions are also of great importance for the chemistry
of Titan, Mars, and Venus’ ionospheres, where long-lived
metastable N+ and O+ ions can be formed and can react. For
the reaction of N+(3P, 1D) with methane, at least for low
collision energies, the excitation to1D state does not change
the total rate constant much but strongly affects the branching
ratio between products. For this reason, the state specific1D
reactivity should be considered in models, as long as its
population is large enough. For long-lived metastable O+(2D,
2P) ions, both the efficiency and the branching ratio between
products are dependent on O+ excitation. However, collision
energy is also important to consider for models because a non-
negligible fraction of the N+ or O+ ions in these ionospheres
can be formed with high translational energies from fast
N2

+ (O2
+) or N2

2+ (O2
2+) dissociation. Because the distributions

of such translational energies extend beyond 5 eV, we have
not yet explored the whole collision-energy range that would
be necessary. For energies up to a few electronvolts, it is already
clear that the branching ratios are very dependent on collision
energy.
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