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Abstract. Changes in atomic-molecular alignment and/or in molecular orien-
tation, can affect strongly the fate of basic collision events. However, a deep
knowledge of these phenomena is still today not fully understood, although it is
of general relevance for the control of the stereo-dynamics of elementary
chemical-physical processes, occurring under a variety of conditions, both in gas
phase and at surface. In particular, understanding the mode-specificity in reac-
tion dynamics of open-shell atoms, free radicals, molecules, atomic and
molecular ions, under hyper-thermal, thermal and sub-thermal conditions is of
fundamental importance for catalysis, plasmas, photo-dynamics as well as
interstellar and low-temperature chemistry. In this paper recent results on the
role of atomic alignment effects on the stereo-dynamics of autoionization
reactions are presented and discussed.
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1 Introduction

The knowledge of strength, anisotropy and radial dependence of the leading inter-
molecular interaction components is a crucial objective to assess the selectivity of the
molecular dynamics under a variety of conditions. The charge transfer (CT), a basic
component of the intermolecular interaction, whose role is often not fully understood,
affects myriad of phenomena, including also the formation of intermolecular halogen
and hydrogen bonds [1–3].
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The focus of this paper is to point out a theoretical and computational methodology
based on the selective role of anisotropic CT on the stereo-dynamics of autoionization
processes, also known as Penning or chemi-ionization phenomena [4, 5]. Such ele-
mentary reactions can be represented according to Eq. (1) below:

X� þY ! X - - - Y½ ��! X - - - Y½ �þ þ e� ! ion products: ð1Þ

In Eq. (1), X* is a metastable excited species inducing ionization of a collisional
target Y that can be an atom or a molecule; X - - - Y½ �� and X - - - Y½ �þ are the
intermediate neutral and ionic collisional complexes, respectively, being the first the
transition state of the reaction [6, 7]. In general, X* species that can be used to induce
autoionization are the rare gas atoms in their first excited electronic level which is
characterized by a high excitation energy and a considerably long lifetime (see Table 1
below [4, 8]).

As clearly indicated by the data reported in Table 1, the autoionization reactions are
promoted by collisions of an open shell atom, electronically excited in a high energetic
metastable state, with another atomic/molecular partner giving rise to the spontaneous
emission of electrons accompanied by the formation of parent ions, aggregate ions and
fragmentation ions. Therefore, the measure of the energy dependence of emitted
electrons, also known as Penning Ionization Electron Spectra (PIES), provides direct
information on the electronic rearrangements occurring within the collision complex,
which directly correlates with the transition state of the autoionization processes.
Moreover, molecular ionization probability and emitted PIES are strongly dependent
on symmetry and energy of the atomic or molecular orbital from which the electron is
extracted and then on their spatial orientation within the collision complex [7, 9].

Table 1. Metastable noble-gas atoms and their fundamental properties [4, 8].

Metastable species Electronic configuration Lifetime (s) Energy (eV)

He*(21S0) 1s 2s 0.0196 20.6158
He*(23S1) 1s 2s 9000 19.8196
Ne*(3P0) 2p5 3s 430 16.7154
Ne*(3P2) 2p5 3s 24.4 16.6191
Ar*(3P0) 3p5 4s 44.9 11.7232
Ar*(3P2) 3p5 4s 55.9 11.5484
Kr*(3P0) 4p5 5s 0.49 10.5624
Kr*(3P2) 4p5 5s 85.1 9.9152
Xe*(3P0) 5p5 6s 0.078 9.4472
Xe*(3P2) 5p5 6s 150 8.3153
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Autoionization processes represent also barrier-less reactions, driven by an aniso-
tropic optical potential (see next section), whose real part controls approach of reactants
and removing of products, while the imaginary part triggers the passage from neutral
reactants to ionic products through an electronic rearrangement. The investigation of
these reactions is important for fundamental researches, to assess the coherent control
of reactive events at low temperature and then to explore the quantum nature of matter
[10]. Autoionization reactions are of interest in radiation and plasma chemistry
[11, 12], for the development of excimer lasers and in combustion chemistry [13–15].
More recently, they attracted the attention of the scientific community since they can be
involved in the chemistry of planetary ionospheres as well as in astrochemistry
[16–24]. These processes can be studied in laboratory using various techniques
employing the molecular beam method in high vacuum apparatuses able to detect
reactive events in a single-collision condition [25–27]. The main diagnostic experi-
mental procedures are the mass spectrometry [28–31] and the electron spectroscopy
[32, 33] coupled with either ion-imaging [34, 35] and coincidence techniques [36, 37].
All these techniques are available in our laboratory.

The Fig. 1 shows a schematic view of the molecular beam apparatus operating in
our laboratory (briefly presented in the Sect. 3) and depicts a metastable Ne* atom,
whose external electron is excited in the 3s orbital and its ionic core exhibits the same
electronic configuration of the high electron affinity fluorine atom, that approaches to a
water molecule [33]. This event originates a collision complex where the spontaneous
electron jumps from one of HOMO orbitals of water to the ionic core of Ne* and
releases enough energy to eject the 3s electron with a defined kinetic energy. Therefore,
the measure of the energy dependence of emitted electrons by PIES experiments
provides a direct characterization of the transition state of the autoionization reaction
(i.e. symmetry and energy of the involved molecular orbitals and the spatial molecular
orientation within the collision complex, as depicted in Fig. 1). We characterized in
details such features for important hydrogenated molecules, as water, ammonia and
hydrogen sulfide, and obtained results have been reported in previous published papers
[7, 9, 33, 38].

However, the dependence of the reaction probability on the valence orbital align-
ment of open-shell atoms still represents a basic open question. Recently [39, 40], our
investigation has been focused on some prototype atom-atom reactions, as that
involving Ne� - Kr, in order to obtain information on this basic target. New insights on
the stereo-dynamics of elementary processes involved are presented and discussed in
the next section.
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Fig. 1. - Upper panel: A schematic view of the apparatus, where the primary beam of Ne*(3P2,0)
atoms, emerging from an electron bombardment supersonic seeded source, crosses at right angles
the secondary beam of H2O molecules. PIES have been measured exploiting a hemispherical
electron energy analyzer, while total, partial cross sections and branching ratios have been
determined by the mass spectrometry technique. - Middle panel: A scheme of the atomic and
molecular orbitals involved in the electron exchange. - Lower panel: A scheme of two different
transition states leading to the formation of water ion in ground and excited states with the
associated PIES [33, 38].
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2 The Theoretical and Computational Approach

From a theoretical point of view, autoionization reactions are represented employing
the so called optical potential model first introduced by Bethe in 1940 [41], which is
based on a complex potential W, according to Eq. (2):

W ¼ V � i
2
C ð2Þ

Where V is the real part V describing the X* + Y collision and the relative inter-
action while Г represents the imaginary part of such a complex potential accounting for
the probability of the electron ejection from the intermediate collisional complex
X - - - Y½ ��, i.e. the transition state of the reaction (see Eq. (1)) [42–44].

In our theoretical approach, the two V and Г components are, for the first time,
considered as interdependent [5, 45], whose magnitude is related to the internuclear
distance, R, between X and Y, their relative orientation and the manifold of quantum
states attainable for the system along the collision.

In the description of the autoionization event induced by the X*+Y collision, the
lifetime, s, of the intermediate autoionizing complex X - - - Y½ �� is depending on the
internuclear distance R, and is given by the following simple equation:

s Rð Þ ¼ �h
C Rð Þ ð3Þ

Along the element dR, at the distance R, during a collision with asymptotic speed g
and a collision energy E, with impact parameter b, the probability that the system
ionizes is given by

P Rð ÞdR ¼ C Rð Þ
�hg 1� V Rð Þ

E � b2
R2

h i1
2
dR ð4Þ

During a complete collision, the probability that the system survives (i.e. does not
give rise to ionization) from infinite distance to the turning point Rc is:

FRc;1 b; gð Þ ¼ exp �
Z 1

Rc

P Rð ÞdR
� �

¼ exp �
Z 1

Rc

C Rð Þ
�hg 1� V Rð Þ

E � b2
R2

h i1
2

dR

2
64

3
75 ð5Þ

The total ionization cross section will be given by:

rtot gð Þ ¼ 2p
Z 1

0
P bð Þbdb ¼ 2p

Z 1

0
1� F2

Rc;1 b; gð Þ
h i

bdb ð6Þ
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For associative ionization, it is necessary to define the limit distance, Rass, above
which associative ionization (i.e. the formation of the XY+ molecular ion) cannot take
place. If Vin(R) is the input potential (describing the incoming collision between the
neutral X*+Y partners) and Vout(R) is the output potential (accounting for the inter-
action between the separating products XþYþ ), Rass is defined by the condition:

Vin Rassð Þ � E ¼ Vout Rassð Þ � H ð7Þ

where H is the height of the centrifugal barrier, i.e. the maximum of the following
function:

Eb2

R2
ass

ð8Þ

The probability of associative ionization is given by:

Pass b; gð Þ ¼ FRass;1 1� F2
Rc;ass b; gð Þ

h i
ð9Þ

from which the cross section for associative ionization is obtained

rass gð Þ ¼ 2p
Z1

0

Pass bð Þbdb ¼ 2p
Z1

0

FRass;1 1� F2
Rc;ass b; gð Þ

h i
bdb ð10Þ

3 Results and Discussion

The experimental devices used to investigate the dynamics of the autoionization
reaction involving metastable atoms and using mass spectrometry, electron spec-
troscopy, ion-imaging and coincidence techniques has been presented in details in
previous papers [46–50] and a schematic view is given in the upper part of Fig. 1.

Shortly, it is a molecular beam (MB) apparatus, formed by a noble gas beam source
from which the emerging Ne atoms are electronically excited by collisions with
energetic electrons. The Ne* MB crosses at right angles the MB of target species, which
in recent experiments are noble gas atoms. PIES are measured by exploiting an
hemispherical electron energy analyzer, while total, partial ionization cross sections
and branching ratios (BRs), with their collision energy dependence, are obtained
exploiting the mass spectrometry technique. In the present case, BRs of relevance are
also those associated to the relative formation probability of the parent ion Kr+ and of
the ionic adduct Krþ - Ne, also indicated as associated ion.

Results of recent experiments [39, 40, 46], performed at low collision energy and
under high resolution conditions, permitted us to separate in measured PIES (left panel
in Fig. 2) the contributions of entrance and exit channels referred to specific spin-orbit
levels of Ne* reagent and of Kr+ product, which are both open shell species. Moreover,
PIES have been also measured as a function of the collision energy and obtained results
are plotted in the right panel of Fig. 2.
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Their analysis provided the dependences on the collision energy of the peak
positions, related to the change of the transition state stability, and of the peak area
ratios, determined by the change of relative reaction yields. These experimental find-
ings, coupled with the ample phenomenology achieved in our laboratory on the ani-
sotropic dynamical behavior of open-shell atoms [51, 52], suggested us that electronic
rearrangements driving the reaction directly arise from polarization of external-floppy
cloud of the 3s electron, charge transfer and modifications of angular momentum
couplings of other valence electrons within the collision complex. Such rearrangements
are accompanied by adiabatic and non-adiabatic effects, which play a crucial role in
the control of the collision dynamics.

In particular, adiabatic effects mostly arise from strength and selectivity of con-
figuration interaction which couples entrance, Vin, and exit, Vout, channels, having the
same molecular symmetry and differing for one electron exchange. They affect the

Fig. 2. Left panel: A Ne� - Kr PIES measured at low collision energy (50 meV), where the
contributions of four reaction channels, associated to two different spin-orbit states J of Ne*

neutral reactant (Ji = 2,0) and of Kr+ ionic product (Jf = 3/2, 1/2), have been resolved. Vertical
continuous lines represent the peak positions as predicted for the ionization of Kr by Ne(I)
photons, and the shift of observed maxima in measured PIES relates to structure and stability of
the reaction transition state [39]. The peak area ratios, defining the relative reaction yields of the
four channels, have been also evaluated through the analysis performed adopting four
independent Gaussian functions with the same width [39, 40]; Right panel: PIESs measured
as a function of the collision energy (vertical lines as in the left lower panel). Their analysis
emphasizes the dependence of the peak position and of the peak area ratios on the collision
energy.
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anisotropic behavior of the real part, V, of the optical potential (see Eq. (2)) and
account for the adiabatic conversion of atomic states, defined in terms of |J, X >
quantum numbers, where J represents the total electronic angular momentum of open
shell species and X describes its projection along the interatomic direction, into
molecular states of R and P symmetry. The latter are emerging only at short separation
distances, while the atomic states are representative of the system at large distances.
Moreover, this conversion involves both entrance and exit channels and obtained
interaction components.

The imaginary C components (see Eq. (2)), defined in terms of quantum numbers
proper of entrance and exit channels, are controlled by strength and radial dependence
of non-adiabatic effects. They arise again from polarization, selective configuration
interactions, changes in electron angular momentum couplings, spin-orbit and Coriolis
contributions.

The nature of the non-adiabatic effects suggests that the autoionization reaction
occurs through two complementary microscopic mechanisms, as discussed in recent
papers [39, 40]:

They are classified as:

i) direct mechanism - it is triggered by a homogeneous electron exchange, with
coupling terms, between entrance and exit channels, called AR�R and AP-P on the
basis of molecular character (R or P) of initial and final state;

ii) indirect mechanism - it is stimulated by a heterogeneous electron exchange and it is
accompanied by mixing/exchange between initial and final states of different
symmetry. Such mechanism is basically promoted by spin-orbit and Coriolis
coupling effects.

It is important to note that the two mechanisms show a different radial dependence
and therefore their relative role varies with the collision energy as previously discussed
[39, 40].

The interaction components, formulated as summarized above and published in
recent papers [45, 53], permitted us to calculate within the semiclassical method out-
lined in Sect. 3, the total ionization cross sections in a wide collision energy range for
three investigated Ne� - Ng (where Ng = Ar, Kr and Xe) autoionization systems.
Obtained results are plotted in Fig. 3. Using this methodology, we were able also to
calculate branching ratios (BRs) between selected reaction channels (see Eq. (11)
below). This provided an internally consistent rationalization of most relevant exper-
imental findings, characterized with different techniques in various laboratories, that
includes total and partial ionization cross sections, BRs and PIES measurements [53–
56]. The energy dependence of BRs between selected reaction channels must also
relate with the PIES spectra for Ne� - Ng systems measured in our laboratory [5, 39,
40] as those reported in Fig. 2 where, as an example, are showed only those for
Ne� - Kr.

The PIES spectra of Ne� - Ng are composed of 4 peaks, and each of relative area
RA, RB, RC, RD are evaluated according to the scheme of Fig. 4, and according to the
following equations:
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RA ¼ Q2�3=2

Q0�3=2
; RB ¼ Q0�1=2

Q0�3=2
; RC ¼ Q2�1=2

Q0�3=2
; RD ¼ Q2�1=2

Q2�3=2
ð11Þ

Fig. 3. The total ionization cross sections calculated by the semiclassical method outlined in
Sect. 3 for Ne� - Xe (points and blue line), Ne� - Kr (points and red line) and Ne� - Ar (points
and black line). (Color figure online)

Fig. 4. The scheme used for the evaluation of the of relative area RA, RB, RC, RD in the
observed peaks of Ne*-Ng PIES spectra (see text).
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Where the used parameters are defined in Fig. 5.

By analyzing the PIES spectra previously measured in our laboratory (see for
example those reported in Fig. 2) [39, 46] we performed cross section ratios calcula-
tions of different channels Ji ! Jf

�� �
for all Ne� - Ng (Ng = Ar, Kr, and Xe) systems on

the basis of the semiclassical treatment discussed in Sect. 3. The obtained data are
reported in Figs. 6, 7 and 8 where continuous lines of different colors are the results of
the present treatment carried out assuming a 3P2/

3P0 population ratio of about 3, as
found for a Ne* beam generated by electron impact [33].

Fig. 5. The typical Ne� - Ng PIES spectrum with the definition of parameters used in Eq. (11)
(see text).

Fig. 6. Cross section ratios of different channels Ji ! Jf
�� �

calculated for Ne� - Ar system as a
function of the collision energy, and analyzing the peak areas obtained in PIES measurements
according to Eq. (10) and Figs. 4 and 5. The continuous lines are the results of the present
treatment carried out assuming a 3P2/

3P0 population ratio of about 3, as found for a Ne* beam
generated by electron impact (see text).
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Fig. 7. Cross section ratios of different channels Ji ! Jf
�� �

calculated for Ne� - Kr system as a
function of the collision energy, and analyzing the peak areas obtained in PIES measurements
according to Eq. (10) and Figs. 4 and 5. The continuous lines are the results of the present
treatment carried out assuming a 3P2/

3P0 population ratio of about 3, as found for a Ne* beam
generated by electron impact (see text). In the figure the red line of RB cross section ratio is not
visible since superimposed by the blue ones related to RD. (Color figure online)

Fig. 8. Cross section ratios of different channels Ji ! Jf
�� �

calculated for Ne� - Xe system as a
function of the collision energy, and analyzing the peak areas obtained in PIES measurements
according to Eq. (10) and Figs. 4 and 5. The continuous lines are the results of the present
treatment carried out assuming a 3P2/

3P0 population ratio of about 3, as found for a Ne* beam
generated by electron impact (see text). In the figure the red line of RB cross section ratio is not
visible since superimposed by the blue ones related to RD. (Color figure online)
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4 Conclusions

In conclusion, the discussed methodology provides unique information on the stereo-
dynamics of autoionization reactions. In this paper it is applied to prototype Ne� - Ng
atom-atom systems, and allows to rationalize in a unifying picture most of the available
experimental findings from our and other laboratories. This opened the possibility to
obtain state to state cross sections which is of great interest for the investigation of
quantum effects in the coherent control of collision processes in astrochemistry, pro-
moting Penning and associative ionization, from ultra-cold up to thermal reactive
collisions [10, 57, 58]. Obtained results suggest also how to extend the methodology to
autoionization reactions involving molecules [7, 9, 59], which are of great interest in
several fields, including the balance of phenomena occurring in interstellar environ-
ments and planetary atmospheres. In addition, also electron-molecule impacts are of
crucial relevance in many applications of molecular plasmas [5].
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