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Single-electron transfer reactions in collisions of atomic and molecular doubly charged ions, with atoms and molecules,
were investigated in a series of crossed-beam scattering, translational spectroscopy and product luminescence experiments.
Investigation of a series of atomic dication-atom electron transfer at collision energies of 0.1–10 eV provided data on
differential and relative total cross sections of state-to-state processes. Populations of electronic and vibrational states
and rotational temperatures of molecular product ions were obtained from studies of non-dissociative electron transfer in
systems containing simple molecular dications and/or molecular targets. The product electronic states populated with highest
probability were those for which the translational energy release was 3–5 eV, indicating that the ‘reaction window’ concept,
based on the Landau–Zener formalism, is applicable also to molecular systems. Population of the vibrational states of the
molecular products could be described by Franck–Condon factors of the vertical transitions between the reactant and product
states, especially at higher (keV) collision energies. Rotational temperature of the product molecular cations was found to
be surprisingly low, mostly 400–500 K, practically the temperature of the ion source.

Keywords: doubly charged ions; electron transfer processes; beam experiments

1. Introduction

The physics and chemistry of multiply charged ions have
been steadily growing up through the past four decades. Mo-
tivation for the studies of structure of multiply charged par-
ticles and their interaction in collisions with other particles
stems from the realisation of their importance in many ar-
eas of physics – from plasma, discharge and fusion physics
to astrophysics. Naturally, the first objective was to study
the properties and behaviour of atomic multiply charged
ions. Though the existence of molecular multiply charged
ions has been known since the 1920s [1,2], detailed in-
formation – both experimental and theoretical – on their
stability, electronic structure, spectroscopic properties and
energetics comes mostly from the 1980s and 1990s.

Among the interaction of multiply charged ions with
other particles, electron transfer (charge transfer, electron
exchange) was the process studied most often, especially
the process involving transfer of one electron:

An+ + B → A(n−1)+ + B+

Processes of this type were investigated over a wide
range of velocities of charged projectiles, and three dynam-
ical regions of velocity v were established, the low velocity
(v � v0 with the atomic unit v0 = 2.19 × 108 cm s−1),

∗Email: zdenek.herman@jh-inst.cas.cz

intermediate (v ∼ v0) and high (v � v0). Total cross sec-
tions of processes and their dependence on the energy of
projectiles were among the first targets of the studies. Later
on, state-selective processes were investigated; in particular
processes in which electronic state of the product cations
was identified using, in most cases, the translation energy
spectroscopy method. Several excellent reviews were pub-
lished over the years that quote also the earlier reviews and
books on the subject [3,4].

This communication is a summary of the activity of
the Prague research group and several collaborating lab-
oratories over a longer period of time, with inclusion of
work of others whenever the subject requires it. The re-
search concerned studies of collision processes of atomic
and molecular doubly charged ions (dications) in the low
velocity region, to incident energies of the order of several
keV (v ∼ 107 cm s−1) and, in particular, of several eV (v ∼
105 cm s−1). The aim of this research was to obtain new data
to enable a detailed description of the processes of electron
transfer [5,6] and chemical reactions [7,8] of atomic and
molecular dications by obtaining information in particular
on

(1) dynamics of electron transfer processes;
(2) differential cross section (angular distribution) of

products;

C© 2013 Taylor & Francis
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2 Z. Herman

(3) partitioning of various forms of energy in molecular
reaction products;

(4) relative total cross sections for different state se-
lected processes.

Further scattering studies concerned chemical reactions
of dications and mutual relations between electron transfer
processes and chemical reactions of these species [7,8].

2. Experimental methods

The results reviewed in this paper were obtained mostly
by three experimental methods, namely, the crossed-beam
scattering method, the translational spectroscopy method,
and the product luminescence method. In all these meth-
ods, the objective is analysis of the properties of prod-
uct ions. In the beam scattering method it is the analysis
of translational energy (velocity) and angular distribution
of the product ions, in translational spectroscopy it is the
translational energy analysis of the product ions, and in
the luminescence method it is the spectroscopic analysis of
the light emitted by the reaction products.

2.1. The crossed-beam scattering method

Most of the data on dication-neutral reactions in the eV col-
lision energy region reported here were obtained in crossed-
beam scattering experiments using the Prague crossed-
beam apparatus EVA II. The performance and application
of the machine to this type of scattering experiment have
been described previously [7,8]. In the experiments of this
type, a beam of dications was produced by electron ioni-
sation of neutral molecules in a low-pressure ion source.
The ions were extracted, mass analysed, and decelerated
by a multi-element lens to the required laboratory energy.
The dication beam was crossed at right angle with a col-
limated beam of neutral target molecules emerging from
a multi-channel jet. The ion beam had an angular and en-
ergy spread of 1◦ and 0.4 eV (full width at half-maximum,
FWHM), respectively; the collimated neutral beam had an
angular spread of 6◦ (FWHM) and thermal energy distri-
bution at 300 K. Reactant and product ions passed through
a detection slit into a stopping potential energy analyser.
They were then accelerated and focused into the detection
mass spectrometer, mass analysed, and detected with the
use of an electron multiplier. Angular distributions were
obtained by rotating the two beams about the scattering
centre. Modulation of the neutral beam and phase-sensitive
detection of the ion products were used to remove back-
ground scattering effects. Laboratory angular distributions
were repeatedly recorded and the results were averaged. En-
ergy profiles of the product ions were recorded several times
at each of a series of laboratory scattering angles, the results
were averaged, and the laboratory energy distributions were
converted to velocity distributions. The laboratory angular
and velocity distributions were used to construct scattering

diagrams of the investigated product ions. The contours in
the scattering diagrams refer to the Cartesian probability
distribution [8], normalised to the maximum in a particular
scattering diagram. Centre-of-mass (CM) angular distribu-
tions (relative differential cross sections), P(θCM) vs. θCM,
and relative translational energy distributions, P(T ′) vs. T ′,
of the product ions were obtained by appropriate in-
tegration of the scattering diagrams [8,9] (the des-
ignation T′ is used for relative translational energy
of products and T for relative translational energy of
reactants).

Some of the crossed-beam data on electron transfer be-
tween He2 + and molecular targets [10,11] were obtained
on the Göttingen high-resolution apparatus used earlier in
studies of proton and deuteron collisions with polyatomic
molecules [12]. The beam of He2 + was produced in a Co-
lutron gas-discharge source, extracted, mass selected by a
Wien filter and energy selected by a hemispherical electro-
static selector. The energy and angular width of the reactant
ion beam was better than 100 meV and 1.5◦, respectively.
The He2 + beam was crossed at right angle by a skimmed
nozzle beam of neutral target molecules. The product He+

ions were analysed by a system consisting of a focusing
lens, another hemispherical electrostatic energy analyser
and a focusing lens system, and detected on an electron
multiplier. The analyser system could be rotated about
the axis of the target beam in the plane of the projectile
beam.

2.2. The translational spectroscopy method

Translational energy spectroscopy was used to obtain data
on electron transfer products of dication-neutral product at
keV energies. In the method, translational energy of prod-
ucts is measured along the direction of the reactant dication
beam. The experiments were conducted with the ZAB-2F
reversed-geometry double-focusing mass spectrometer of
the University College of Swansea [13] and the experimen-
tal procedure was described elsewhere [14]. The dications,
produced by electron ionisation in a Nier-type ion source,
extracted and accelerated to 6 keV, and mass selected by a
sector magnet, entered a collision cell with the target gas at a
pressure of about 0.2 Pa. Translational energy spectra were
obtained under high-resolution conditions by scanning the
voltage of the cylindrical electrostatic analyser.

2.3. The product luminescence method

Results on product ion luminescence were obtained on the
beam-luminescence apparatus of the Max Planck Institute
for Fluid Research, Göttingen, in cooperation with the re-
search group of Ch. Ottinger. The apparatus [15,16] con-
sisted of a special ion source, a mass selecting magnet,
a collision cell, light collection optics imaging the inter-
action region onto the entrance slit of a spectrograph and
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Molecular Physics 3

a position-sensitive detector. A special, low-pressure ion
source produced molecular dications by ionisation using
300 eV electrons. The ions were extracted through an ori-
fice, accelerated to 2 keV, mass analysed by a magnetic
sector and decelerated down to the desired energy with a
simple immersion lens in front of the collision chamber.
Luminescence of the reaction products in the collision cell
was observed at right angle to the ion beam. The emis-
sion passed through a quartz window, and was focused by
a spherical mirror onto the entrance slit of a grating spec-
trometer (McPherson 218) equipped with a stepping motor.
A position-sensitive photomultiplier and digital processing
equipment was used to detect and process the signals. Spec-
tra were obtained by repetitive scanning over a pre-selected
wavelength range.

3. Results and discussion

3.1. Models: the Landau–Zener formalism

Several models have been developed [3] to describe elec-
tron transfer between an atomic doubly charged ion and
a neutral atomic target, a specific variant of reaction (1).
The interaction potentials involved are rather simple. The
interaction between the reactants is determined primarily
by the ion-induced attraction between the dication and the
neutral particle, combined with repulsion at small inter-
nuclear separations. The interaction between the products
is mainly characterised by Coulomb repulsion between two
particles of the same charge. The reaction-product inter-
action terms usually cross under and acute angle and the
crossings are well localised. The Landau–Zener (LZ) for-
malism can then be applied in most cases to describe the
transition probability. The LZ approach describes well the
total cross section and its dependence on collision en-
ergy [3,4,17], and it was used successfully to characterise
the differential cross section [18]. An important conclu-
sion of this approach is that the total cross section passes
through a maximum, related to the position of the crossing
point and the collision energy (Figure 1): if the crossing
occurs at very large inter-nuclear separations, where the
interaction and the transition probability are very small,
the collision system tends to stay on the incoming po-
tential energy curve (A in Figure 1); if the crossing oc-
curs at very small inter-nuclear separations, where the in-
teraction is large and the single-passage transition prob-
ability is close to unity, the terms split adiabatically, and
the system approaches and departs on the reactant poten-
tial energy curve (C); only if the crossing occurs at in-
termediate inter-nuclear separations, where the transition
probability is about 0.5 or so, there is a finite chance that
the collision system may depart on the product potential
energy curve (B). As a consequence, the exothermicity
of the electron transfer process has to fit into a ‘reac-
tion window’ for the process to occur efficiently (RW in

Figure 1. Schematics of potential energy curves for the elec-
tron transfer reaction – atomic dication-atom to atomic cations.
For details see text: only case B leads to electron transfer of a
considerable cross section within the ‘reaction window’ (RW).

Figure 1, the dashed line indicates schematically the cross
section). Numerous experimental verifications of the reac-
tion window concept have been obtained, though deviations
from the applications of the simple LZ model are known
too.

3.2. Atomic systems

The first system studied in our scattering experiments was
the electron transfer process between an atomic dication
and a neutral atom [19]:

Ar2+(3P, 1D, 1S) + He(1S) → Ar+(2P) + He+(2S) (1)

(references to fine structure states, not resolved in the exper-
iments, are omitted). The reactant beam, formed by electron
ionisation, contained, besides the ground-state Ar2 + (3P) di-
cations, metastable excited states Ar2 + (1D) and Ar2 + (1S)
as well. Therefore, there were three possible entrance chan-
nels, characterised by ion-induced dipole interaction be-
tween the dication and the neutral at larger inter-nuclear
separations and repulsion at small inter-nuclear separa-
tions, and one exit channel, characterised essentially by
Coulomb repulsion between the two singly charged prod-
ucts. The exothermicities of these processes were 3.00, 4.74
and 7.12 eV for the reactant dication states (3P), (1D) and
(1S), respectively. The scattering diagrams of the prod-
uct Ar+ at collision energies of 0.53 and 1.62 eV are
shown in Figure 2. The intensity ridges clearly show for-
mation of Ar+ in reactions of Ar2 + (3P) and Ar2 + (1D),
while the reaction of Ar2 + (1S) appears to contribute only
negligibly. The structures in the scattering diagram could be
de-convoluted to extract data on relative differential cross
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4 Z. Herman

Figure 2. Contour scattering diagrams of Ar+ from reaction (1)
at collision energies of 0.53 and 1.62 eV: circles represent loci
of CM velocities as expected from exothermicities of processes
with Ar2 + in different electronic states; crosses mark the position
of the tip of the CM velocity vector; relative velocity is directed
along the 180◦–0◦ axis.

sections (CM angular distributions) of the respective state-
to-state processes (Figure 2).

To understand better the shape of the differential
cross section, a simple quasi-classical model was devel-
oped and the differential cross section of the state-to-state
process

Ar2+(3P) + He(1S) → Ar+(2P) + He+(2S) (2)

was calculated [18]. The two-level model assumed that
the interaction between the reactants was determined – as
mentioned above – by the ion-induced dipole interaction
potential combined by a strong repulsion at small separa-
tions (represented by a steep wall) and for the product by
Coulomb repulsion potential between two singly charged
ions. The analysis of the quasi-molecular terms showed that
the leading reactant–product interaction terms were the 3�

terms. Coupling of the diabatic terms was calculated us-
ing the asymptotic method. The LZ model was used to
determine the respective transition probabilities, assumed
to be localised in the crossing points between the reactant–
product potential terms. Two trajectories at each impact
parameter b, reflecting the movement of particles under
the influence of different potential on the way in and out,

Figure 3. Analysis of the differential cross section of state-to-
state reaction (2): A – deflection functions used in the semi-
classical model; B – results of the semi-classical model calcu-
lations: open points – experimental data, dashed and solid line –
results using different deflection functions; C – results of quantum
chemical calculations [20]: triangles – experimental data, smooth
solid line – data averaged over experiment resolution.

contributed to the cross section. Consequently, the cal-
culated deflection function had two branches smoothly
connecting in the vicinity of bmax (Figure 3A). The
quasi-classical differential cross section, calculated with
the use of these simple potentials, described correctly
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Molecular Physics 5

the shape of the differential cross section, derived from
the above-mentioned experiments (Figure 3B), in par-
ticular the prominent forward peaking of the product
Ar+ .

The differential cross section of reaction (2) was sub-
jected to another theoretical study [20] in which the two
lowest 3� potential energy surfaces were calculated by the
ab initio configuration interaction procedure using a large
basis set, transformed to diabatic potentials, and the to-
tal and differential cross sections were calculated using the
quantum mechanical close coupling method. A comparison
with the experimental differential cross section (Figure 3C)
turned out to be good, after the calculated results were av-
eraged over the CM angular resolution of the experiment
(�θ = 12◦).

In the above-mentioned experiments, the spin–orbit
states of the product could not be resolved. To answer the
question about the relative population of spin–orbit states
in a simple atomic dication–atomic neutral electron trans-
fer process, reaction (3) was investigated in the scattering
experiments [21]:

Hg2+(1S) + Kr(1S) → Hg+(2S) + Kr+(2P3/2)

�RH = −4.77 eV (3a)

Hg2+(1S) + Kr(1S) → Hg+(2S) + Kr+(2P1/2)

�RH = −4.12 eV (3b)

Figure 4 shows scattering diagrams of Hg+ formed in this
reaction. The intensity ridges of processes leading to differ-
ent spin–orbit states can be clearly resolved. Figure 4 gives
also the product relative translational energy distributions,
P(T ′) vs. T ′ (T ′ is relative translational energy of the prod-
ucts). De-convoluted areas under the curves give the ratio
of total cross sections, σ (3/2)/σ (1/2). For collision energies
of 0.92, 1.16, 1.46 and 2.71 eV, this ratio was 1.2, 1.5, 1.4
and 0.8, respectively, i.e. on average about 1.2, which is
somewhat smaller than the statistical ratio of forming the
spin–orbit states of Kr+ upon ionisation.

A similar result was obtained in studies of the reaction
Kr2 + + He [22]. In this system, the reaction window
concept favoured the reactions of the metastable Kr2 + (1S)
(though statistically, little abundant in the beam)

Kr2+(1S) + He(1S) → Kr+(2P3/2) + He+(2S1/2)

�RH = −4.07 eV (4a)

Kr2+(1S) + He(1S) → Kr+(2P1/2) + He+(2S1/2)

�RH = −3.42 eV (4b)

over the reactions of Kr2 + (1D) of exothermicities 1.79
and 1.13 eV, respectively (reactions of the ground-state
Kr2 + (3P) are endothermic). The ratio σ (3/2)/σ (1/2) was

Figure 4. Scattering diagrams of Hg+ (upper part) and relative
translational energy distribution, P(T ′)–T ′ (lower part), of prod-
ucts of reaction (3a,b); T is relative translational energy of the
reactants, T ′ is relative translational energy of the products. In the
scattering diagrams, the maximum to the left is due to Kr+ (2P1/2)
formation [reaction (3b)], the maximum to the right is due to
Kr+ (2P3/2) formation [reaction (3a)].

about 1.0 at collision energies of 0.31 and 0.5 eV, respec-
tively [22].

The scattering study [23] of the reaction

N2+(2P) + He (1S) → N+(3P,1D) + He+(2S) (5)

was motivated by the effort to determine the ratio of the
two electronic states of the product N+ , the ground-state
N+ (3P) and the excited state N+ (1D). The reaction is of as-
trophysical interest because of its possible importance as a
source of the metastable N+ (1D) in cold plasma nova shells.
Data at collision energies above 100 eV showed strong pref-
erence for formation of the ground state, while theoretical
calculations [24] at low energies indicated increased for-
mation of the metastable state. The ratio σ tot(1D)/σ tot(2P)
was derived from the scattering diagrams obtained over
the collision energy range, 5–12 eV. The ratio increased
strongly with decreasing collision energy (Figure 5) and
reached unity at about 5 eV. Semi-empirical calculations
(dashed curve in Figure 5) using the LZ model fitted well
this increase.
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6 Z. Herman

Figure 5. Scattering diagram of N+ from reaction (5) (left)
and ratio of total cross sections, σ tot(1D)/σ tot(2P) (here designated
σ int), in dependence on collision energy T. Solid and open points –
own experimental results; dashed line – own calculations; squares
and triangles – high energy data from other sources (see text and
[23]).

3.2.1. Conclusions: atomic systems

Scattering studies of the simple collision systems (atomic
dication-atom)

(1) confirmed the applicability of the LZ formalism
and the reaction window concept to estimate the
population of electronic states of the reaction prod-
ucts;

(2) showed the prevailing forward scattering of the
reaction products, and provided data on the dif-
ferential cross sections, confirmed both by quasi-
classical and quantum chemical calculations;

(3) made it possible to determine state-selected relative
differential and total cross sections.

3.3. Molecular systems

In electron transfer collisions of dications involving molec-
ular systems (molecular dication-atom, atomic dication-
molecule, molecular dication-molecule), in addition to the
question of population of the electronic states of the prod-
ucts, the question of population of the internal states of the
molecular product cation formed, becomes important. In
translational energy experiments this requires sufficient en-
ergy resolution so that both electronic and vibrational states
of the product ion could be resolved by translation energy
measurements and populations of the internal states deter-
mined. This can be achieved only for the simplest systems,
and the problem becomes increasingly difficult if many in-
ternal states are populated (molecular dication-molecule
systems). A combination of data from translational energy
measurements and spectroscopy experiments (product lu-
minescence) then becomes very important.

3.3.1. Atomic dication-molecule

Population of internal states of the molecular product ion
formed from a neutral molecule was investigated by mea-
suring the translational energy distribution of the atomic
cation formed from the dication. Reactions of single-
electron non-dissociative electron transfer of the dication
He2 + with simple molecules NO [10], NH3 and H2S [11]
were studied using the high-resolution Göttingen machine
[12] at the incident energy of He2 + of 70 eV. The dica-
tion He2 + has very high recombination energy to the He+

ground state (79.0 eV), and single-electron transfer giv-
ing the ground-state He+ (2S) would be out of the reaction
window, presumably leading to a variety of dissociative
processes. However, using a target molecule with the ion-
isation energy of about 10 eV or lower gave a chance that
the reaction window concept would channel the electron
transfer collision mostly to the excited state of He+ ∗(2P)
(65.4 eV above the ground state), leaving about 4.5–3.5 eV
for the exothermicity of the process, well within the reaction
window. This turned out indeed to be the case.

The first reaction studied [10] was

He2+ + NO(2�) → He+∗(2P) + NO+(1�+; v′) (6)

The reaction is exothermic by 4.34 eV. Figure 6 shows
translational energy distributions of the product He+

at several scattering angles. The positions of the peaks
corresponded well to the known vibrational spacing of
NO+ (1� + ). The figure gives the relative population of
the vibrational states derived from the spectra for a series
of scattering angles (Figure 6d). The solid line indicates the
population of vibrational states of NO+ (1� + ) as derived
from photoelectron spectroscopy and theoretical calcula-
tions [25]. The population of NO+ states from reaction (6)
is very close to the Franck–Condon transition factors, with
a slightly increased population of the levels of v = 0 and
v = 1, if the populations were arbitrarily normalised to v =
2. No appreciable dependence on the scattering angle can
be observed.

In another study of this series, reaction

He2+ + NH3 (1A1) → He+∗(2P) + NH+
3 (2A1; v+) (7)

was investigated in an analogous way [11]. The transla-
tional energy spectrum of He+ is shown in Figure 7, at the
scattering angles of 0◦, 1◦ and 2◦. The vibrational spacing
in NH3

+ is smaller than that in NO+ , and thus, the peaks
are not well resolved, but a simulation procedure could be
used to provide the respective population of the vibrational
states for several scattering angles. The result is shown in
Figure 7, together with the vibrational spacing of the v2

+

bending mode in NH3
+ and the respective population of

the transitions as known from photoelectron spectroscopy
[26]. The populations reflect the general shape of the respec-
tive Franck–Condon transitions, with a slight preference of
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Molecular Physics 7

population of higher vibrational states at larger scattering
angles.

3.3.2. Molecular dication-atom

An early investigation of a single-electron non-dissociative
transfer process, involving molecular dications, was

Figure 6. Translational energy spectrum of products He+ +
NO+ from reaction (6) vs. reaction exothermicity �E at differ-
ent scattering angles: (a) 0.0◦; (b) 1.0◦; (c) 2.5◦; dashed lines –
deconvolution of the spectra; (d) comparison of data with Franck–
Condon factors as derived from photoelectron spectroscopy (solid
line); dashed lines – deconvolution of the spectra.

Figure 7. Translational energy spectrum of products He+ +
NH3

+ from reaction (7) vs. reaction exothermicity �E at different
scattering angles (a–c) and the respective deconvolution of the
spectra; (d) comparison of the data with Franck–Condon factors
as derived from photoelectron spectroscopy (solid line).

D
ow

nl
oa

de
d 

by
 [

U
st

av
 F

yz
ik

al
ni

 C
he

m
ie

] 
at

 0
2:

09
 1

8 
Ju

ne
 2

01
3 



8 Z. Herman

Figure 8. Translational energy spectra of CO+ from reactions of 6 keV CO2 + with Ne (A), Ar (B) and Kr (C) vs. the reaction
exothermicity �E. Scales refer to positions of the ground and excited states of CO+ ; Iα refers to CO2 + ground state; IIα refers to the
first excited state (placed as in the time of the experiment [14]).

translational energy spectroscopy using a tandem mass
spectrometer carried out in 1986 [14]. Theoretical stud-
ies available at that time [27] gave some information on the
molecular dication CO2 + , though even the ionisation en-
ergy of CO2 + was then not well known. Therefore, a study
of non-dissociative single-electron transfer of this dication
with noble gas atoms was undertaken [14]. The resolution

at the rather high incident energy of the projectile diatomic
dication of 6 keV was about 1 eV, thus, not allowing for
distinguishing vibrational states of the internal states to be
populated. Some of the results are given in Figure 8. At
the time of the study, there was still a question about the
spectroscopic assignment of the states of CO2 + . The study
used the assignment of CO2 + (3�), confirmed correct later
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Molecular Physics 9

Figure 9. Analysis of the data on CO2 + + Ne of Hamdan and Brenton [28] by Fárnı́k [29]. Left: potential energy curves and vertical
transitions involved; right: comparison of experimental data (a) and calculations, (b) overall fit of experimental (solid line) and calculations
(dotted), (c) same with individual transition probabilities (dashed).

on, as the lowest state, though the states lying above it were
much in question (the position of the first excited state de-
noted in Figure 9 by IIα – using the Hasted’s notation –
had to be later corrected). Structures in the spectra sug-
gested vibrational envelopes of the populated states of the
product CO+ . However, the population of the electronic
states formed was found to follow very well the reaction
window concept: for CO2 + + Ne, the maximum was cal-
culated to be located at 5.3 ± 1.1 eV, for CO2 + + Ar, at
4.4 ± 0.9 eV, and for CO2 + + Kr, at 4.1 ± 0.8 eV (the ±
limits indicate the energy region with transition probability
larger than 0.2).

The vibrational states of the product CO+ were partly
resolved shortly afterwards in a fine experiment of Hamdan
and Brenton [28]. The published spectrum CO2 + + Ne
at 6 keV was analysed later on by Fárnı́k [29] in terms of
vertical transitions between the potential energy curves of
the molecular species of the system. At this high incident
energy, the collision time is shorter than the vibrational
period of the molecular species and thus, the inter-nuclear
separation can be regarded as fixed during the transition.
By then the position of the two lowest molecular states
was well assigned [30], and it could also be concluded
that – due to a low-lying dissociative state – the dications
present in the beam were practically only in their ground

vibrational states [29,31]. Four different transitions between
the molecular species CO2 + and CO+ contributed to the
translational energy spectrum of CO+ in reaction

CO2+(3�, 1�+; v = 0) + Ne(1S0)

→ CO+(X2�+, A2�; v′) + Ne+(2Pj) (8)

Population of the vibrational levels was determined from
the overlap of the Franck–Condon factors of the respective
transitions between of the electronic states of the molec-
ular species, with relative cross sections of the electronic
state-to-state processes, reflecting the (unknown) relative
concentrations of the electronic states of CO2 + in the scat-
tering centre, tentatively ascribed to achieve the fit. Figure 9
shows the excellent overall agreement between the experi-
ment and the results of this analysis. Figure 9 is the sum-
mary of the analysis showing the potential curves used and
the resulting calculated translational energy spectrum with
the respective state-to-state contributions [29]. An analo-
gous simulation analysis of reaction (8) was carried out
for the results of a Prague low energy (ELAB(CO2 + ) =
7 eV) experiment [29]. The results of this analysis were
in agreement with the experimental results, if the change
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10 Z. Herman

Figure 10. Left: sequence �v′ = 2 of the CO+ (B-X) emission spectra from reaction of CO2 + + Ar at three different energies of
CO2 + – smooth line is the simulated spectral contour; right: relative cross sections for populations of the vibrational states v′ at 2000 eV
compared with distributions from Franck–Condon transitions, calculated for the two contributing states of the reactant CO2 + (3�, v = 0;
1� + , v = 0).

of the inter-nuclear separation in this low-energy collision
(collision time comparable to a vibrational period) was
taken into consideration [5,29].

The results of the early study on the electron transfer
process between CO2 + and Ar provided a motivation for a
product luminescence study, in which emission of the reac-
tion product CO+ from the radiative excited state, formed
in non-dissociative single-electron transfer between CO2 +

and Ar, N2, H2, D2 and CO, was investigated in collabora-
tion with Ch. Ottinger group in Göttingen [16]. It followed
from [14] that in CO2 + + Ar electron transfer collisions,
the electronically excited state CO+ (B2�+ ) was largely
populated. Measuring its emission into the CO+ (X2�+ )
ground state could therefore provide information on the
population of vibrational and also, from the rotational en-
velopes of the vibrational transitions, rotational states of
the molecular product ion in the reaction

CO2+(3�, 1�+; v = 0) + Ar(1S0)

→ CO+(B2�+, v′) + Ar+(2Pj) (9)

Figure 10 shows examples of the CO+ (B2� + →
X2� + ) emission spectra from reaction (9) at different

energies, and a comparison of the derived vibrational
distributions of the product ion CO+ (B2� + , v′) with the
calculated Franck–Condon transitions from the two reactant
dications CO2 + (3�, v = 0; 1� + ; v = 0) into CO+ (B2� + ,
v) [16]. Rotational temperature of the product, derived from
the rotational envelopes of the vibrational peaks, was found
for reaction (9) to be about 450–800 K, indicating forma-
tion of a rather cold molecular electron transfer product.
The rotational temperature in CO2 + + N2 was found even
somewhat lower (about 400–500 K), corresponding practi-
cally to the temperature of the ionisation chamber [16].

3.3.3. Molecular dication-molecule

An even more interesting result came from investigation of
the (B-X) emission from the following reaction [16]:

CO2+(3�, 1�+; v = 0) + CO(X1�+)

→ CO+(B2�+, v′) + CO+(A2�, v′′) (10)

Many internal states were involved in reaction (10) and
thus a beam study in which the translational energy of the
products would be measured was rather hopeless. In re-
action (10) it was not obvious which product was formed
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Molecular Physics 11

Figure 11. Left: CO+ (B-X) emission spectra from collisions of 13CO2 + with 12CO at three energies: the shaded portion is 13CO+

emission from the electron capture by 13CO2 + ; the rest is 12CO+ emission from the ionised target; solid lines – simulated spectral
contours. Right: comparison of the population of 12CO+ (B,v′) states as obtained from the experiment (open columns) with populations
derived from the respective Franck–Condon factors (hatched). For comparison, data on population of the 12CO+ (B,v′) vibrational states,
obtained from the cation–cation electron exchange reaction, Ar+ + CO → Ar + CO+ , are given to show an entirely different kind of
process.

in the B and which in the A state and with what prob-
ability. Thus, it was found convenient to distinguish be-
tween the ‘capture’ process (formation of CO+ (B) from
CO2 + by single-electron capture) and the ’ionisation’ pro-
cess (formation of CO+ (B) by ionisation of the neutral
CO). The two processes were distinguished experimentally
by using isotopically labelled 13CO2 + projectile ions and
12CO target molecules. The measured vibrational bands
from capture and ionisation processes were then mutually
isotopically shifted (Figure 11). First, it turned out that
the branching ratio for CO+ (B), formed either by capture
or ionisation, was about equal. Second and most impor-
tant, the population of the vibrational states of CO+ (B)
from the two processes differed: while those from the cap-
ture process were analogous to the results with Ar, N2 and

hydrogen, those from the ionisation process followed, at
least approximately, the Franck–Condon factors of the tran-
sition CO(X)–CO+ (B) (Figure 11). [16].

The finding that the population of product internal states
formed by the capture was different from that formed by
the ionisation process was found useful in solving an even
more complicated case of dissociative processes [31,32] in
reaction

CO2+
2 + CO2 → CO+ + O + CO+

2 (11)

Using triple quadrupole and ion–ion coincidence mass
spectrometry and appropriate isotope labelling (in order to
distinguish the different reaction pathways), it was found
that the primary CO2

+ formed from the dication CO2
2 +
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12 Z. Herman

Figure 12. Dissociative electron transfer reaction (11), CO2+
2 + CO2 → CO+ + O + CO+

2 . Upper part: schematics of the possible
electronic states involved, indicating the one-electron transitions (more probable) and two-electron transitions (less probable). Lower part:
velocity profiles of CO+ from a crossed-beam experiment. The loci u′′ on the circle indicate the relative velocity of CO+ vs. O and
originate at the position of the primary undissociated CO2

+ formed (dashed vertical arrow) that slowly dissociates to CO+ (peaks A
and B relate to the forward and backward scattering of this product). Peak C comes from collision-induced dissociation of CO2 + on CO2

and is not relevant to the present discussion of the electron transfer reaction.
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Molecular Physics 13

(capture process) dissociates more readily than if formed
from the neutral CO2 (ionisation process, here, referred to
as ‘ejection’ process) [31]. The case was rather complicated
because of involvement of many states.

The basic reason is that the population of the key disso-
ciative states of the primary electron transfer product, the
CO2

+ cation, is favoured by the CO2
2 + dication rather than

by the neutral CO2. Figure 12 (upper part) shows the rele-
vant electronic configurations of different electronic states,
leading to the dissociative process from the intermediate
CO2

+ , formed both by the capture process from the dica-
tion and by the ionisation (ejection) process from the neutral
molecule. Dissociative quartet states of CO2

+ play crucial
role in the formation of the dissociation products CO+ + O.
The quartet states are readily formed in a single-electron
transition from the dication. On the other hand, the quartet
states are far harder to populate from the neutral molecule,
because this process requires a less probable two-electron
transition [30,31].

Figure 12 shows the velocity profiles of the dissociation
product CO+ formed in the ‘capture’ process of reaction
(11) [32]. Peaks A and B are the forward and backward
wings of the dissociation product CO+ from the disso-
ciative electron transfer in CO2

2 + -CO2 collisions (peak
C comes from a different process, the collision-induced
dissociation of CO2 + on CO2, and is not important for
this discussion). The data were interpreted as a subsequent
slow dissociation of the primary reaction product CO2

+

of a mean lifetime of at least several rotations, in agree-
ment with the more detailed earlier data from coincidence
experiments [31].

3.3.4. Conclusions: molecular systems

The data obtained for non-dissociative electron transfer in
molecular systems showed that

(1) population of electronic states of the products fol-
lows the ’reaction window’ concept also for molec-
ular systems;

(2) population of vibrational states of products is very
close to Franck–Condon transition factors of the
respective vertical transitions between the dication-
cation and neutral-cation states at high collision
energies (collision time shorter than the vibrational
period), at low collision energies small deviations
occur (collision time comparable to the vibrational
period);

(3) population of rotational states shows surprisingly
rotationally cold reaction products: the rotational
temperature of molecular product ions was found
to be in most cases about 400–500 K, i.e. practically
the temperature of the ion source.
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