
I. Introduction

Molecular dynamics of few-body processes, which cover
elastic, inelastic and reactive collisions, is a very active sub-
field of Physical Chemistry / Chemical Physics and has ad-
vanced greatly during the last three decades [1-5]. This 
advance originated in the perception that the rigorous predic-
tion of chemical reactivity required study in the realm of mole-
cular collisions (molecular scattering theory), in addition to
structure (static) analyses. As a result, a wide range of non-
equilibrium properties, such as rate constants, integral and
differential cross-sections, transport coefficients etc., as well

as their state-to-state counterparts, have been elucidated for
a great variety of collision systems in unprecedented detail
and accuracy. Moreover, the strong interplay between theory
and experiments, which may well be one of the highest in mol-
ecular sciences, provides a unique framework for compari-
son and interpretation.

The current state-of-the-art is that, experimentally, single
collision measurements at the femtosecond time scale are
being (almost) routinely produced, which means specific
rovibrational quantum states can be singled out, whereas,
theoretically, the rigorous framework provided by quantum
scattering theory has both reached the full convergence
regime for simple-to-moderate polyatomic chemical reac-
tions and made available fairly accurate data for truly com-
plex molecular systems.

The natural outcome of these studies is a much more de-
tailed understanding of collision and reaction mechanisms,
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Abstract

Experimental measurements and theoretical calculations on
the dynamics of atomic and molecular collisions are re-
viewed. Experiments focused on ion-atom and ion-molecule
intermediate energy collisions, for which total, state-to-state
cross-sections and polarization fractions leading to spin-po-
larized integral cross-sections were measured from lumines-
cent emissions on a molecular beam machine. Results were
successfully interpreted in terms of non-adiabatic couplings
between several electronic states of the collision partners.
Theoretical calculations of chemical reactions, using quasi-
classical as well as recently developed approximate and ex-
act quantum techniques, provided both fully converged,
quantum-mechanical benchmark results for several triatom-
ic systems and a thorough analysis of dynamical features of
systems ranging from triatomic to pentaatomic, for virtually
all relevant quantities.

Resum

Aquest treball fa una revisió de mesures experimentals i càl-
culs teòrics sobre la dinàmica de col·lisions i reaccions mole-
culars. Els experiments se centren en col·lisions, a energies
intermèdies, que involucren sistemes del tipus ió-àtom i ió-
molècula, per les quals es mesuren seccions eficaces totals,
estat a estat, així com aquelles que discerneixen les diferents
contribucions del moment angular d'espín. Els resultats ob-
tinguts s'interpreten satisfactòriament en termes d'acobla-
ments no adiabàtics entre els diferents estats electrònics
dels sistemes col·lisionants. Els càlculs teòrics utilitzen la me-
todologia quasiclàssica, així com metodologies mecano-
quàntiques recentment desenvolupades, tant aproximades
com exactes. S'han obtingut resultats totalment convergits
per sistemes tipus, mentre que s'han analitzat, de manera de-
tallada i extensiva, les característiques dinàmiques de siste-
mes triatòmic, tetraatòmic i pentaatòmic.
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of direct use in advanced studies of chemical dynamics and
kinetics, i.e. the most accurate route towards a profound un-
derstanding of chemical reactivity. In addition, the availabili-
ty of this information provides fine-structure data on atomic
and molecular systems, which are expected to have a major
influence in more applied, rapid-growth areas such as laser
science, nanoscience, materials science, spectroscopic
methods (including medical applications), as well as bio-
physics and biochemistry [4, 5].

The purpose of this paper is to review the authors' recent
research on the subject. This includes experimental, molec-
ular-beam studies of ion-atom collisions (plus very recent
ion-molecule experiments), theoretical calculations on non-
adiabatic processes in ion-atom intermediate energy
processes, plus quasi-classical, and exact and approximate
quantum mechanical studies of polyatomic chemical reac-
tions (specifically, three-, four- and five-center chemical re-
actions, at varying degrees of accuracy).

The experimental work performed so far focuses on:

a) the measurement of excitation and charge-transfer to-
tal cross-sections in ion-atom collisions, state-to-state
resolved cross-sections and polarization fractions as a
function of collision energy,

b) interpreting and modeling the above collision process-
es using theoretical tools, and

c) experimental studies of ion-molecule reactions at in-
termediate collision energies.

The aim of the theoretical studies is four-fold:

a) To develop and implement new algebraic and numeri-
cal methodologies, so as to increase the computation-
al performance and the applicability range of previous
methods,

b) To provide benchmark data for the testing of potential
energy surfaces and approximate dynamical meth-
ods,

c) To characterize the scattering dynamics of processes
for which this information is lacking, and

d) To interpret and model the new results in terms of sim-
plified theories, gaining understanding and extrapo-
lating general rules in order to increase predictive ca-
pacity.

The specific processes reviewed here fall into one or
more of the above categories. For instance, triatomic sys-
tems such as Ne + H2

+, He + H2
+ and F + H2 were studied to

test new methodological advances, provide new data, test
more approximate treatments, check the potential energy
surface accuracy and model several of their dynamical fea-
tures. Results for the Ar* + ClF system focus, however, on
characterizing the excited electronic state reactivity and
model the angular-momentum related features. Finally, work
on tetraatomic systems such as BO + H2, as well as the pen-
taatomic C2H+H2, centers mainly on providing new data and
understanding the role of non-reactive bonds.

The remainder of the paper is organized as follows: Sec-
tion II describes the experimental set-up for the measure-
ments given, Section III briefly discusses the main aspects
of the theoretical methodology, and Section IV shows some
of the main results, both experimental and theoretical. Future
prospects are briefly discussed in Section V. Finally, Section
VI summarizes and concludes.

II. Experimental set-up

Our experimental machines now in use or under construc-
tion are of the crossed molecular-beam type. They are as-
sembled from a variety of subsystems, which may be re-
peated or even moved among the different set-ups. For
these reasons, the following description is based on the var-
ious subsystems. Later on, the different assemblies will be
briefly described. Figure 1 shows a typical experimental set-
up.

Chambers and high-vacuum generation / measurement
All chambers were built of welded 316L stainless steel,
along with some dural elements where necessary. Flanges
and collars are standard in their geometry, allowing for ex-
change and high versatility. Vacuum was generated by tan-
dem rotary / oil diffusion pumps, over-dimensioned to re-
duce residual contamination. Oil backstreaming was
prevented thanks to water-, freon- or LN2-cooled baffles.
Cryogenic traps were also used to catch eventual residual
beams, and Pirani and Penning-type vacuum gauges were
used throughout. Experiments were run at background pres-
sures of 10–6 torr or lower, so as to ensure sufficiently long
mean free paths within each of the beams.

Effusive atom or molecule beam generators (volatile solids)
Atom or molecular beams are generated from thin-walled
ovens, made of refractory stainless steel or carbon, depend-

Figure 1. Diagram of the experimental apparatus. A: metal oven, B:
thermocouple, C: water tubes, D: metal-catching baffle, E: shutter,
F: scattering center, G: Faraday cup, H: scattering center optical
baffle, I: liquid nitrogen trap, J: ion beam generator mounting, K: ion
generator, L: Einzel electrostatic lens system, M: optical system. X,
Y, and Z: vacuum chamber axes.
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ing on the working temperature range [6]. The ovens are
clamped to a pair of water-cooled conductors fed with high-
intensity AC current via a triac and a step-up transformer. A
0.5 or 1mm hole in the oven wall allows the inner vapor to ef-
flux in a beam which is collimated afterwards.

Beams composed of neutral species may be generated
by simple evaporation of the metal or salt (e.g. Na, ZnCl2), or
by heating a reactive mixture that produces the desired
species through displacement or dissociation processes
such as:

Ba + 2RbCl : BaCl2 + 2Rb
Ba + 2CsCl : BaCl2 + 2Cs

CuCl2 : CuCl + Cl

In the near future, an electrical discharge device will be
assembled, to let decompositions of the type SnCl2 : SnCl
+ Cl take place in the beam. The beam is directly character-
ized in experiments involving alkaline metals, simply by in-
stalling a surface ionization detector somewhere in the beam
path.

Gas-beam generators
Gas beams (either pure or target / carrier gas mixtures) are
generated by supersonic efflux through an adequate nozzle,
and further collimated by passing through a skimmer. Exper-
iments performed with excited species require an additional
electron beam (prepared from an electron generator), which
is crossed with the target. Application of an electrical field
enables the ions thus formed to be characterized.

Alkali ion-beam generation
Alkali-ion production is based on the thermo-ionic effect,
caused by heating spodumene (an alkali-bearing alumi-
nosilicate) pellets fixed to a tungsten foam support. They are
heated by a battery-fed DC circuit via variac controllers. A
positive potential of up to 5 keV is applied to both the sup-
port and the support bearer, thus ensuring ion extraction
and expulsion.

A three-element einzel electrostatic lens system is then
used to collimate the resulting beam. When necessary, the
beam may be further shaped from a collimating screen
mounted just before the beam-crossing volume. The scat-
tered beam is then collected by a Faraday cup, which mea-
sures its overall intensity.

The possibility of wide changes in the operating condi-
tions of the whole crossed-beam device required an accu-
rate characterization of beam geometry, in particular as a
function of the different extraction potentials. Thanks to this
characterization, results for each condition are fully compa-
rable.

Fluorescence measurement
Fluorescent emissions are collected either by a telescope or
an optic fiber beam, directed towards a monochromator,
and then to a Peltier-cooled multiplier phototube. Enhanced
sensitivity, at a given wavelength, may be obtained by the

use of interference filters, instead of a monochromator. Re-
cently, a computer-controlled data collecting card has been
introduced to simplify data processing. A polarizing filter in
the optic path measures eventual polarization effects.

Mass-analysis measurements
To find information on the specific mass of each collision
fragment, ions formed in the collision processes are directed
to a quadrupolar mass analyzer.

III. Theoretical methods

Molecular collisions at chemical energies are guided by the
interaction between valence electrons, by the energy stored
in the nuclear degrees of freedom (dof) and by the ability of
the molecular system to transfer energy between the whole
set (electronic + nuclear) of dofs. Whereas the electronic
problem is treated by the methods of quantum chemistry,
usually leading to the potential energy surface (PES) govern-
ing the nuclear motion, molecular dynamics accounts for
events related to the nuclear degrees of freedom. Here we
focus on the latter except in paragraph C), in which electron-
ically non-adiabatic collisions are examined.

A) Classical methods
Any ab initio theoretical treatment of molecular collisions
starts from the equations of motion associated with each
specific system and works out a strategy for their solution. In
principle, for full accuracy, the molecular motion in quantum
mechanics should be discussed within the framework of
scattering theory. However, it is easily verified that typical
molecular masses lie between the applicability range of
quantum and classical mechanics (i.e. the associated de
Broglie wavelength takes intermediate values). In conse-
quence, it seems more sensible to try to solve the classical
equations of motion for the nuclei.

This is the origin of what are known as quasi-classical tra-
jectory methods. These solve the Hamilton equations and as-
sume that collisions can only start in states compatible with
true quantum initial (reactant) states, whereas final (product)
states are box-quantized to the relevant true quantum states.
Comparison with experimental quantities often requires av-
eraging over those dofs/quantities which are not selected by
the experiments. This is usually achieved by means of
Monte-Carlo sampling techniques [2,3], which require the
running of a high number of classical trajectories (this being
the bottleneck of classical studies). Overall, the application
of this methodology is rather straightforward and robust,
which may well be the main reason for its widespread use.
Results appear to be semi-quantitatively correct, mainly for
averaged quantities and for a large class of elementary reac-
tions, with the added advantages of a relatively low computa-
tional cost and ease of interpretation. The quasi-classical tra-
jectory method was used, in the present research, to tackle
dynamical features of excited-state triatomic reactions, as
well as combustion-related tetraatomic processes.
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The obvious limitation of classical methods is that quantum
mechanical features are missing. These features usually ap-
pear in the form of a correction over a background, classical
reactivity. They arise from the interference phenomena
caused by the wavelike nature of molecular systems, so that
this correction might lead to either enhancing or inhibiting a
given classical value for a dynamical quantity. One may ar-
gue that the averaged nature of most relevant dynamical
quantities leads to the quenching of quantum interference, so
that the resulting quantum effects become, in practice, unde-
tectable. However, whereas these quantum effects are domi-
nant at low, threshold energies, recent experience reveals
that, for low to moderately high energies, they may be much
stronger than previously expected and so show up even at
the averaged quantity level [7]. In particular, relevant quan-
tum effects are expected for systems having light masses,
processes leading to long-lived complex formation, and mol-
ecular fragments characterized by large vibrational frequen-
cies. These features will be illustrated in more detail below.

B) Quantum methods
Contrary to what happens with classical methods, purely
quantum mechanical techniques are more difficult to apply
computationally, and one often faces some trouble with
physical interpretation. In addition, quantum algebra is not
straightforward, which has led to several methodologies,
based on substantially different starting strategies, being
put forward over the years. These strategies have competed
for the best performance [4]. Despite this, the possibility of
reaching full convergence has spawned the application of
quantum methods to several kinds of molecular systems.

A typical classification divides the existing methods ac-
cording to whether they are based on solving the time-de-
pendent or the time-independent Schrödinger equation. The
information provided by the two method is identical, but the
numerical performances may differ substantially, since the
structure of the defining differential equations is also differ-
ent. In addition, the computational overload depends
strongly on specific details of the methods, i.e. coordinate
systems, basis functions, adiabatic or diabatic type expan-
sions, use of variational methods, propagation techniques
(both in time and position) [3] etc.. Because of this, it is diffi-
cult to establish which is the best technique for a given ap-
plication, since an eventual reformulation of a given tech-
nique may lead to variations in performance.

The authors' recent work focused on several variants of
time-independent techniques, since these cope better with
large sets of state-to-state quantities. These methods are
generally grouped into two classes, depending on the coor-
dinate system used to write the Hamiltonian. A further divi-
sion, within each class, may then be made according to spe-
cific techniques used to solve different parts of the
scattering equations, as follows:

a) Methods using Jacobi coordinates
1. Variational solution of the scattering equations
2. Propagation solution of the scattering equations

a) Methods using Hyperspherical coordinates
1. Finite basis representation (FBR) for the internal

problem
2. Hyperquantization algorithm (HA) for the internal

problem

Further details about the methods used so far are also rel-
evant. Methods based on Jacobi coordinates are formulated
under reduction dimensionality schemes (in particular,
freezing some angular motions). They also have in common
the use of Negative Imaginary Potentials (NIP), since they
have the property of absorbing the probability flux of the
wavefunction reaching the configuration space region
where they are placed [8]. Thanks to this property, the size
of the configuration space to be explored, and so the com-
putational expense, can be reduced. These methods have
been used to perform approximate studies for up-to-pen-
taatomic systems.

Methods a1 and a2 differ in the solution strategy for the
scattering equations. Whereas the first method uses a Kohn-
type variational principle [3] to generate a linear, first-order
set of equations for the expanding coefficients, the second
solves a second-order radial set of differential equations us-
ing what are known as propagation, invariant embedding
methods [4]. The main difference between the two strategies
is the size and management of the matrices handled in the
solution algorithm. Whereas the variational approach has to
invert just one very large matrix (whose dimension goes eas-
ily to several thousand rows) using primary memory, the
propagation method operates on several, smaller matrices
(typically a few hundred rows), but makes greater use of
secondary memory.

Methods based on Hyperspherical coordinates (by which
the relevant coordinates are a hyperradius and 3N-4 hyper-
angles, three of them describing the space orientation of the
whole system; N is the number of atoms in the molecular
system) have been mainly used to perform fully converged
calculations on benchmark triatomic systems. The hyper-
spherical approach exploits the fact that, when the collision
partners are close together, their interaction displays a sym-
metry that makes the hyperradius a quasi-separable coordi-
nate. This makes an adiabatic-type expansion between the
hyperradial and hyperangular parts of the overall motion effi-
cient. At this point, methods b1 and b2 then differ in the solu-
tion strategy for the internal hyperangular motion.

The FBR approach is based on expanding the hyperan-
gular motion, which is bounded-type, on the basis of delo-
calized sine and cosine functions. The advantage is that in-
tegrals appearing in the scattering equations are analytic
and display several symmetries, which reduce their number
so that they only increase linearly (instead of quadratically)
with the number of base functions. However, the delocalized
nature of the base functions becomes less efficient for con-
figurations where the collision partners are well separated.
This point can be alleviated with a proper base contraction.
For instance, it is found that the basis arising from the diago-
nalization of the [cos2']-1 operator (' being one of the hyper-
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angular variables) gives a compact representation at large @
(the hyperradius), provided one keeps in the expansion the
base functions corresponding to the lower eigenvalues. An-
other way of compacting the base expansion at large @ is to
switch from two variants of hyperspherical coordinates, e.g.
from Smith-Whitten (democratic, independent of the
arrangement channel, those used in the present formulation
of the hyperspherical approach) to Delves (arragement-
channel dependent, leading to a more compact representa-
tion at large @) [9]. However, it is a rather cumbersome
process which is little used in actual applications.

The HA algorithm is based on an expansion of the internal
motion in terms of very localized basis functions, which diag-
onalize the position operator when it is initially represented in
terms of Jacobi polynomials. The advantage is that the re-
sulting new base is analytically known, the discrete Hahn
polynomials having the important property of preserving or-
thonormality, independently of the base dimension [10]. An
additional simplifying feature is that the kinetic energy matrix
is tridiagonal and displays several symmetric properties.
Further use of truncation-diagonalization techniques ren-
ders the method very competitive.

C) Hemiquantum methods for non-adiabatic ion-atom
collision processes
Theoretical calculations, to interpret our group's experimen-
tal measurements, have also been undertaken. Any prospec-
tive methodology has to take into account the possibility of in-
cluding several electronic states and their corresponding
coupling terms in the defining differential equations, so as to
allow for electronic non-adiabatic transitions (and thus go be-
yond the Born-Oppenheimer approximation). An added diffi-
culty is the relatively high collision energy at which measure-
ments were taken.

A family of methods which take an optimal compromise
between computational cost and accuracy is that termed as
hemiquantum. These are mixed quantum-classical meth-
ods, in which some degrees of freedom are treated quan-
tum-mechanically (the electronic dofs), whereas the remain-
der are treated classically (the nuclear dofs). Thus, the
electronic motion is obtained from its total wavefunction,
which is expanded as a function of a set of adiabatic molec-
ular electronic wavefunctions, with the expanding coeffi-
cients being time-dependent and complex. The nuclear de-
grees of freedom are treated classically, with the interaction
potential being given by the Ehrenfest theorem from the
electronic wavefunction. This interaction is assumed to de-
pend on both R, the internuclear atom-ion distance, and H,
the polar angle, so as to account properly for both the radial
and angular coupling terms of the electronic problem. This
leads to a four-dimensional (nuclear position and momen-
tum) classical problem, coupled to the N-state (electronic)
quantum problem.

The collision process is studied by solving the time-de-
pendent set of coupled differential equations, once the re-
quired initial conditions are determined: a high R value at the
start (so that interatomic interactions are negligible), an ini-

tial electronic entrance channel (i.e. setting to one its corre-
sponding coefficient in the adiabatic expansion), a value for
the nuclear angular momentum (l), and a value for collision
energy. The hemiquantum set of equations are time-evolved
for a sufficiently long time. At this point, total inelastic excita-
tion and electron transfer cross-sections are determined
from a well-known sum of the squared modulus of the rele-
vant expanding coefficients, for all contributing values of the
orbital angular momentum, at each collision energy.

IV. Results

A. Ion-atom (molecule) collision experiments and 
non-adiabatic hemiquantum calculations
Most of the experiments performed by the authors focus on
intermediate energy alkali ion – alkali atom collisions. These
processes, widely studied since the pioneering work of Mari-
no [11] and Aquilanti et al. [12], lead to the formation of ex-
cited atoms (either by direct excitation or by electron trans-
fer), which in turn decay in the form of fluorescent emissions
covering a wide wavelength range. Consequently, they are
not only potential laser sources, but also possible dopant
agents in metal-vapor lamps (so as to modify their emission
spectra). Finally, these collisions may stand as good low-
cost benchmarks for the testing of new theoretical methods.
Work by the authors then explored previously unstudied ion-
atom combinations and general scattering dynamics trends
within the whole family.

The specific experimental set-up consists of a single
chamber, containing the neutral atom source, an alkaline ion
generator and a light-collection and analysis unit (see Fig.
1). In addition, the metal source was surrounded by a water-
cooled sleeve, whereas the scattered beam was targeted to-
wards the LN2 trap, so as to reduce chamber contamination
by alkaline metals. This let the background pressure be re-
duced to 10–7 torr.

Sodium beams were generated by simple heating,
whereas Rb and Cs beams were obtained from the corre-
sponding displacement reactions. These beams were sub-
sequently crossed with Li+, Na+, K+, Rb+ and Cs+ ion beams,
at collision energies ranging from 0.1 to 5.0 keV. Decay fluo-
rescence signals, caused by the following processes, were
detected:

Direct excitation: X(n2S1/2) + Y+ : X* + Y+

(X = Na, Rb, Cs)
Electron exchange: X(n2S1/2) + Y+ : X+ + Y*

(Y+ = Li+, Na+, K+, Rb+, Cs+)

Results were classified according to the degree of aver-
aging of the quantity actually measured:

a) Total collision cross-sections
Total collision cross-sections were measured for virtually
every combination of neutrals and ions. Some general points
about the set of results are in order: i) the promotion of the
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unpaired electron in the target atom to the first excited level,
i.e. X(n2S1/2) + Y+ : X(n2P1/2,3/2) + Y+ (a typical result is
shown in Figure 2), is enhanced by an increase in the ion
mass, whereas it is inhibited by an increase in the target
mass (see Table 1); ii) the most probable transition in elec-
tron-transfer processes is the promotion to the first excited
state, i.e. X(n2S1/2) + Y+ : X+ + Y(n2P1/2,3/2).

b) State-to-state resolved collision cross-sections
Thanks to the high resolution provided by the 50 cm path mono-
chromator, the different J-states from the decay signal, for the
Na(32P1/2,3/2)[13], Rb(52P1/2,3/2)[14] and Cs(72P1/2,3/2)[15] cases
(in X + X+ and X + Y+ collisions), could be resolved. The corre-
sponding branching ratios (R), along with their dependence on
collision energy, were derived from these measurements.

The branching ratio for the Na(32P3/2)/Na(32P1/2) case
(which includes both the electron excitation and the electron
capture processes) leads to values close to statistical pre-
dictions (R=2), especially at high collision energies. Con-
versely, at low energies the J=1/2 state becomes more read-
ily populated. Some undulations are observed in this regime,
over an essentially constant energy dependence, even
though they are smaller than the experimental error bars.

A population inversion is observed in the Rb(52P3/2,1/2) de-
cay signals (coming also from either direct excitation or
electron capture) at about 200 10–9 sm-1 (the energy depen-
dence is usually at its clearest when the cross-section is
plotted as a function of inverse velocity), whereas R values
become lower at the remaining inverse velocities. Undula-
tions are also present, even more pronounced than in the
previous case, though still too faint to draw conclusions.

The Cs(72P3/2)/Cs(72P1/2) case shows, instead, a strong
dependence on inverse velocity. However, the most notable
result, as for undulations in the state-to-state cross-section,
is for the Rb + Cs+ collision, where energy dependence en-
abled fitting to an analytical expression, a product of an ex-
ponentially decaying function times a sinusoidal term. This
result is shown in Figure 3.

c) Magnetic (MJ–state) resolved collision cross-sections
As stated above, the experimental set-up is composed of
high-resolution, high-sensitivity devices. Actual sensitivity is
sufficient, in principle, to allow for the measurement of
cross-sections for transitions between the different magnet-
ic MJ sublevels. This measurement requires placing a po-
larising filter along the emission beam path. However, the
optical system generates, during its operation, a spurious
polarization signal, which has to be subtracted from the
true signal arising from the collision process. An accurate
measurement of the spurious polarization may be obtained
from a transition whose intensity is, because of strong
physical and theoretical reasons, non-polarized [16]. This
non-polarized transition takes place at similar wavelengths
to those under study, so that the system's operation can be
checked under as similar conditions as possible. The polar-
ization intensity obtained in this case is then assumed to
correspond fully to the spurious signal, whose value is to
be subtracted from the polarization intensities measured in
each relevant case [14, 17-19]. This procedure is, in short,
that used in the present measurements of polarization
cross-sections.

Figure 2. Total emission cross-section vs collision energy for the for-
mation of Rb (52P3/2,1/2) in the Rb (52S1/2) + K+ collisions. Dots repre-
sent experimental results; solid line corresponds to their fitting using
the rotationally coupled Landau-Zener-Stueckelberg treatment (see
refs. 13–15).

Table 1. Direct excitation and total (direct excitation + electron
transfer) cross sections in collisions of alkali ion – alkali atom, at a
collision energy in the laboratory frame of 2000 eV. Direct excitation
of the target corresponds to the n2P1/2,3/2. «No» means that no signal
was detected, whereas a dash indicates that the corresponding
measurement has not yet been calculated.

Li+ Na+ K+ Rb+ Cs+

Na Direct 1.0 10-17 – 4.0 10-16 2.0 10-16 1.7 10-15

Total – – – 1.0 10-16 –

Rb Direct No – 1.1 10-15 – 2.0 10-15

Total 1.05 10-15 1.1 10-14 – 3.0 10-15 –

Cs Direct No – – – –
Total – – – 3.5 10-14

Figure 3. Branching ratio for electron capture cross-sections be-
tween Cs (72P1/2) and Cs (72P3/2), for Rb (52S1/2) + Cs+ collisions, as
a function of inverse velocity. The dotted curve represents the best
fit to experimental data (solid circles), as obtained from an equation
proposed in V. Aquilanti and P. Casavecchia, J. Chem. Phys. 64
(1976) 751.
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Collision processes for which the original signal was in-
tense enough to allow for polarization intensity measure-
ments are the following:

Rb+(1S0) + Na(32S1/2) : Na+(1S0) + Rb(52P3/2)
Na+(1S0) + Rb(52S1/2) : Rb+(1S0) + Na(32P3/2)

although the luminescent polarized emitting transitions for
the two collision systems, respectively, are:

Rb(52P3/2) : Rb(52S1/2)
Na(32P3/2) : Na(32S1/2)

The spurious polarization signal is measured from the sig-
nals corresponding to the Rb(52P1/2) : Rb(52S1/2) and the
Na(32P1/2) : Na(32S1/2) spectral line real polarization intensi-
ties, since theoretical arguments show that their polarization
should be exactly zero. After an adequate deconvolution
process, the whole set of MJ-selected collision cross-sec-
tions for the above systems is provided. It is worth noting
that this kind of measurement is rare in the literature (even
rarer in collision processes), which vouches for the useful-
ness of running these experiments.

d) Hemiquantum calculations and discussion
Hemiquantum methodology is reliable in the reproduction of
the basic experimental features [20]. For instance, Figure 4
compares measured versus calculated cross-sections for
the Rb+(1S0) + Na(32S1/2) : Rb+(1S0) + Na(32P1/2) process.
Good agreement is found, especially as only radial couplings
were explicitly considered in the dynamics calculations.

Somewhat more elaborate studies were performed for
processes involving the (CsNa)+ quasimolecule. The adia-

Figure 4. Hemiquantum calculations (solid circles) and experimen-
tal cross-sections (open circles), as a function of collision energy,
for the electronic excitation process Rb+ (1S0) + Na (32S1/2) : Rb+

(1S0) + Na (32P3/2, 1/2).

Figure 5. Hemiquantum calculations of opacity functions for the (CsNa)+ colliding system, for several final electronic states. Note the strongly
structured behavior as a function of the orbital angular momentum.
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batic expansion included 18 25+ states and 12 2I, whereas
the dynamical calculations were done at eight collision ener-
gies, in the low experimental energy range. Opacity func-
tions for the Cs(6s1,25+) + Na+(3s0,15+) : Cs(7p1,1025+ and
62I) + Na+(3p1,325+ and 12I) are shown in Figure 5. In this
process, symbols between parentheses indicate first the
electronic configuration and, second, the quasimolecular
state into which that configuration correlates. A first remark-
able feature is the strong oscillatory behavior of the opacity
function, clearly expectable from the quantum mechanical
features of the electronic subsystem. Total cross-sections,
for all collision channels and a given energy, are shown in
Table 2. Results include processes observed experimental-
ly, as well as unobserved channels such as Na(3d1,2D).
Comparisons between theory and experiment are difficult for
this system. For instance, calculated cross-sections for the
process leading to Cs(6p1,2P1/2,3/2) cannot be fully compared
with experiments, since only the J=3/2 component could be
measured. This partially explains why the calculated cross-
sections are about one order of magnitude larger than the
experimental values.

Charge transfer processes for the (CsNa)+ system were
also analyzed. Calculated versus experimental cross-sec-
tions for the process leading to Na(3s1,2P1/2,3/2) are shown in
Figure 6. An important inconsistency for the whole energy
range was found. This may be explained by the contribution
of cascade effects to the experimental values, since the the-
oretical calculations do not include this effect. This hypothe-
sis is supported by a correction for the cascade effect from
the (4d1,2D3/2,5/2) state. Much greater consistency between
measured and calculated cross-sections is then obtained,
as shown in Figure 7, as well as for charge transfer process-
es leading to Na(4d1,2D3/2,5/2), as shown in Figure 8.

Obviously, theoretical calculations make more detailed
analysis possible. For instance, the contributions from the
radial (5+-5+) and the angular (5+-I) non-adiabatic cou-
plings may be singled out. Particularly interesting is the an-
gular part, frequently ignored in this kind of calculation,
which contributes 47% to the cross-section leading to
Cs(7p1,2P), but as much as 87% in the process leading to
Cs(6p1,2P). Total elastic cross-sections, as well as charge
transfer processes leading to dark channels, can also be an-
alyzed. Elastic cross-sections are found to be one order of
magnitude larger than any inelastic processes, showing the
well-known dominance of elastic collisions, whereas the

Table 2. Hemiquantum cross-section values for the formation of different atomic states of Cs and Na in collisions between Cs and Na+ in their
respective ground electronic states. Cross-sections are given in 10–15 cm2.

ECMF/eV $(Na(3s2S)) $(Cs(6s 2S)) $(Cs(6p 2P)) $(Cs(7p 2P)) $(Na(3p 2P)) $(Na(4d 2D)) $(Na(3d 2D))

425 3.0 29.0 1.25 0.91 2.40 0.807 4.09
600 2.0 31.0 1.77 1.22 3.04 1.28 6.76
770 1.7 36.0 1.95 1.38 3.16 2.32 7.74
850 1.6 43.0 2.07 1.47 3.29 2.73 8.06
1025 1.3 46.0 2.45 1.46 3.24 3.47 8.33
1195 1.2 43.0 2.68 1.51 3.19 4.06 8.11
1275 1.2 45.0 2.89 1.65 3.30 4.50 8.09

Figure 6. Experimental and calculated emission (Na 3p) cross-sec-
tions for Na (3p 2P1/2,3/2) in the Cs (62S1/2)+Na+ collision system, as a
function of collision energy.

Figure 7. Experimental and calculated emission (Na 3p + Na 3d)
cross-sections for Na (3p 2P1/2,3/2) in the Cs (62S1/2)+Na+ colli-
sion system, as a function of collision energy.

Figure 8 Experimental and calculated emission cross-sections for
Na (4p 2D3/2,5/2) in the Cs (62S1/2)+Na+ collision system, as a function
of collision energy.
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dark channel is shown to contribute to the cross-section like
the former luminescent transitions (see Table 2).

B. Theoretical studies of three-, four- and five-center
chemical reactions
The section title stresses the kinds of systems (atom group-
ings) in which several techniques were applied, with the
aims stated in the introduction. Results will be described ac-
cording to the methodologies.

i) Development of new methods
Some of the calculations shown here tested new methods
developed by the authors (or by other research groups in
close collaboration).

The first case concerns the applications of NIPs to a prop-
agation-based scattering method. Its main advantage is that
the inclusion of a NIP greatly reduces the configuration
space to be scanned by the propagation. This is so, since
the basic idea of the method is to absorb the reactive flux (a
task which is performed by the NIP) right after the transition
state (TS), just when the collision starts probing the products
region. This idea was introduced by Neuhauser and Baer in
1989 [8], our main contribution being its casting into a time-
independent, propagation-based method [21, 22]. The
price to be paid for the reduction in computational effort is
that no state-to-state information is available. One has then
to focus on state-selected (but not state-specific) quantities.

The incorporation of the NIP required modifying the basic
formulas for the propagation methods, since a complex in-
teraction matrix (instead of a real one) had to be propagat-
ed. It also required eliminating the coordinate transformation
between reactants and products, actually a simplification.
The whole transformation resulted in a computational code
which performed much better than previous techniques,
while accuracy was rigorously maintained. Table 3 shows
CPU times for the application of the new method to the Cl +
HCl symmetric exchange reaction [21]. Tests on other more
general systems show that average reduction factors of four

for CPU time and of five for core memory have been ob-
tained so far. Figure 9 shows the application of the method
to the H + F2 reaction, an especially favorable case since, as
it is exothermic, the saved channel (products) is what actual-
ly bears the major computational overload to the calculation
[23].

The second case concerns the formulation of an Infinite
Order Sudden (IOS)-type method, intended for the study of
pentaatomic systems, based on three main issues (previ-
ously used in simpler versions, applicable to three- and four-
atom processes): a) the division of the collision problem in a
reference plus a correction contribution, b) the application of
a variational, Kohn-type method to get the scattering equa-
tions, and c) the use of NIPs in selected portions of configu-
ration space, to reduce the base dimension associated with
several dofs.

The purpose of this development was to allow treatment
of more complex systems. In particular, as stated, the code
made treatment of five-atom systems possible. The formula-
tion was based on a reduction dimensionality scheme, by
which the distances in the Hamiltonian were maintained
(and thus treated in a full dynamical sense), whereas the an-
gles were considered to be frozen during the collision (ex-
cept one azimuthal angle, which was averaged when the
PES was computed). A further average was then worked out
on the basis of collisions at several angles (whose respec-
tive ranges are scanned in order to establish the proper in-
terval contributing to reactivity).

The result makes available a computational code, applied
by the authors to the four-dimensional study of the C2H + H2

: H2C2 + H reaction [24], the benchmark of pentaatomic

Table 3. Convergence table for the Cl + HCl system (E = 0.6 eV).
Relative errors are given, taking the results for NTS = 300 and NV =
30 as the exact value. Figures in bold are for results obtained with
the traditional method. NTS refers to the number of sectors into
which the radial coordinate is divided during the propagation stage.
NV stands for the number of vibrational base functions used within
each propagation sector.

NTS NV Error % CPU Time / s

300 30 ... 3508
300 15 0.00 756
300 10 0.00 389
300 7 0.03 258
200 15 0.13 503
200 10 0.13 261
200 7 31.00 152
150 15 0.30 378
150 10 0.30 194
150 7 32.00 113
400 27 ... 1174

Figure 9. Integral cross-sections as a function of total energy, for the
H + F2 : HF + H reaction. NIP-IOS stands for the new, NIP-based
propagation method, which is an extension of the R-IOS method.
QCT corresponds to quasi-classical trajectory results, while VADW
stands for Vibrationally Adiabatic Distorted Wave, a quantum pertur-
bative method which is a more approximate quantum perturbative
method.
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systems. This has been the most complex study performed
on a pentaatomic system to date. Results focus on the role
played by the spectator bonds, i.e. those not participating in
the bond breaking / formation which identifies the specific
chemical reaction taking place. Figure 10 shows the result of
the first study, focusing on general integral cross-sections
(i.e. summed over product states) and rate constants. The
second study focused on state-to-state quantities. This re-

quired an important modification of the code, since product
vibrational states had to be characterized prior to any dy-
namical calculation [25]. Figure 11 shows some of the state-
specific integral cross-section thus obtained. Especially re-
markable is the pronounced specificity of the reaction,
although it is smaller than that predicted by a less accurate
previous study [26].

A third development concerns our participation in imple-
menting the Hyperquantization Algorithm (HA) [10, 27, 28] in
a propagation-based scattering program. As this is an exact
method for triatomic systems, as presently formulated, our
main goal was easy applicability and numerical (computa-
tional) performance. Central to this was the introduction of a
sequential diagonalization-truncation (DT) scheme to render
the whole HA method more competitive than previous imple-
mentations of the Hyperspherical approach [29]. Figure 12
shows the reduction in computer time resulting from the DT
scheme. Specific results, obtained for the F + H2 system, will
be discussed in the next section, since they are important in
themselves (benchmark results and a rigorous comparison
with experimental information), and not merely as an illustra-
tion of a given method's performance.

ii) The benchmark F + H2 system
An important part of the results obtained from the application
of the HA-propagative Hyperspherical method concerns the
F + H2 : FH + H reaction [28-30]. This process has been the
focus of intense effort over the last 20 years, both theoretical
and computational, thanks to its feasibility for accurate com-
putations and measurements [31]. Currently, it is considered
a reference system, a paradigm of the comparison between
experiment and theory.

Figure 10. Arrhenius plot of the rate constant k versus 1000/T for the
C2H + H2 : C2H2 + H reaction. The full line indicates results ob-
tained by the authors using the pentaatomic IOS-type method. The
remaining traces correspond to less accurate previous results,
whereas markers correspond to different experimental measure-
ments.

Figure 12. CPU time comparison of the Diagonalization-Truncation
(DT) procedure between the two Hamiltonian representations which
result from applying the DT scheme first to one or other of the inter-
nal hyperangular variables (dashed lines). Times refer to the calcu-
lation of 150 rovibrational adiabatic eigenstates and their eigenvec-
tors. The trend without DT is also shown as an unbroken line. The
conclusion is that the best strategy consists of switching from one
DT scheme to the alternative, right before 4a0.

Figure 11. Vibrational state-to-state cross-sections, as a function of
product vibrational energy, obtained from the state-to-state im-
provement of the five-atom IOS-type method. Numbers in parenthe-
ses indicate the product molecule vibrational quantum number set
(simplified to symmetric stretching, one bending and asymmetric
stretching, respectively).
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As stated, calculations on this system are aimed at repro-
ducing the experimental information. To this end, intense
work centered on generating a very accurate ab initio PES.
Spin-orbit effects of the reactant's F atom were also includ-
ed, from an adiabatic single-surface perspective, translating
into a higher barrier to reaction. Finally, long-range effects,
describing an entrance valley van der Waals complex, were
incorporated to the surface directly from inelastic scattering
measurements. The resulting general PES was used to gen-
erate general integral cross-sections at a large set of colli-
sion energies, as well as state-specific and general differen-
tial cross-sections at selected translational energies.

Figure 13 shows the general integral cross-section plot-
ted as a function of collision energy and compared to ab-
solute measurements from molecular beam experiments
[30]. Results show that, even if consistency is quite satisfac-
tory, some discrepancies still persist, making the theoretical
curve stand shifted in energy, more towards higher values
than the experimental one. This indicates that the reaction
barrier has the adequate topology, but is still slightly over-
estimated.

Given the enormous effort over a long period, the present
discrepancies for this reaction show clearly the huge com-

plications that the quantitative prediction of chemical reac-
tivity involves. Actually, it is impressive that absolute mea-
surements compare so well to ab initio structure + dynamics
calculations (i.e. no parametrizations, no relative measure-
ments, etc.). However, the extremely small energies control-
ling the reactive event, along with the large amplitude mo-
tions involved in the corresponding rearrangement, prevent
full consistency between theory and experiment. But it is not
only theoretical calculations that need to be improved. If the
cross-sections available in the literature are compared as a
function of energy, as well as the available rate constants, it
is found that the two sets of data, which come from different
experimental set-ups, are actually inconsistent, since cross-
sections are higher than theoretical predictions, whereas
rate constants are lower than the calculations themselves.
Clarification is essential.

Fuller ab initio calculations on the PES are currently un-
derway, focusing mainly on barrier height [32]. Once these
are available, new dynamics calculations will be carried out.
Concurrently, the possible influence of excited energy sur-
faces is being assessed from a non-adiabatic perspective.
The (relatively) small current discrepancies and the work un-
der way at present lead us to think that the full dynamics
problem may be essentially solved in the near future. If so, a
milestone in the history of our field will be reached.

iii) Accurate study of quantum effects: the Ne + H2
+, He + H2

+

and BO + H2 systems
The accurate characterization of quantum effects in reactive
collisions is one of the hot topics in the field. They are mainly
(but not exclusively!) identified as tunneling, zero point ener-
gy (ZPE) and reactive scattering resonances (RSR) [33]. Tun-
neling is usually singled out as a non-Arrhenius curvature in
the rate constant plot versus temperature. However, it is actu-
ally a much more complex process, whose full nature is not
completely understood. However, the effect of ZPE is a shift
towards higher values of the reactivity threshold as a function
of energy, i.e. the dynamical trapping of a given amount of en-
ergy as ZPE is subtracted from the energy available to reac-
tion. Finally, RSRs look like being the most elusive of the quan-
tum features. They correspond to quasi-trapped, metastable
scattering states, which lead to strong oscillations (actually,
spikes, shoulders, troughs, ...) in the reaction probability pro-
file as a function of energy. Since the cross-sections are ob-
tained from probability as a sum of all values contributing to
the total angular momentum, it is frequently argued that this
sum might quench any existing structure in the probability
profile. However, as it becomes possible to treat more com-
plex systems by quantum scattering methods, it has been
found that in given cases RSRs are so intense and sharp (i.e.
strongly bound) that they do survive angular momentum aver-
aging. The conclusion is that this quantum effect is much
more relevant than expected, thus deserving much greater
attention, since it may strongly influence the absolute value of
cross-sections and rate constants.

The desire to account fully for quantum effects triggered
the study of the Ne + H2

+ : NeH+ + H endothermic, ion-mol-

Figure 13. Total integral cross-section, as a function of collision en-
ergy, for the F + H2 : FH + H reaction. Theoretical calculations, cor-
responding to two different PESs, are shown by squares (ab initio)
and by diamonds (more accurate ab initio + spin orbit + long
range). Experimental results correspond to circles. The discrepan-
cy between the most accurate PES (diamonds) and experiments
tells that further work on the PES is necessary, in particular concern-
ing the barrier height.
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ecule reaction. This system is characterized by the pres-
ence of a stable intermediate complex, which strongly medi-
ates in the quasi-trapped states formation. Previous experi-
ence of this system had shown that the reaction probability
profile was plagued with intense resonant peaks, as a func-
tion of energy, for zero total angular momentum. At this
point, the authors performed a numerically converged full-
dimensional cross-section calculation, scanning a fine ener-
gy mesh to search for the possible survival of resonant struc-
tures at the cross-section level [34, 35]. Figure 14 gives the
results of this calculation and shows that, in the low-energy
regime, RSRs are far from being quenched. Actually, a peak
as high as 5 Å2 (over the background reactivity) is obtained.
The main conclusion is that this feature seems to be de-
tectable by means of current, highly energy-selective molec-
ular-beam methods.

The experimental search for RSRs is, however, a truly gi-
gantic task, as is its eventual reproduction at the theoretical
level. The reason is that RSRs are extremely sensitive to the
PES shape. To prove this, the authors engaged on a detailed
study of a reaction belonging to the same family, He + H2

+ :
HeH+ + H, since this reaction has the added advantage of
very high accuracy, as the PES involves calculations with
only three electrons. A preliminary study demonstrated the
high sensitivity of the PES, even in the specific fitting proce-
dure used to get a function from the ab initio mesh [36]. It
was found that, on slightly changing either the surface or the
fitting, the resonance pattern changed completely. This re-
sult prompted a further study, by which a new ab initio mesh

was generated, using a more refined quantum chemistry
method. The new mesh, along with a more accurate fit, let a
new set of cross-sections be created at several energy val-
ues (see Figure 15) [37]. These results look more stable
against a change in the PES fitting procedure, so should be
more robust in future comparisons with accurate experimen-
tal information.

The description of our search for characterizing quantum
effects is completed here by a multidimensional study of tun-
neling, performed on the BO + H2 : HBO + H reaction. As a
scattering code for reduced dimensionality studies for tetra-
atomic systems was available, we used it to explore the

Figure 14. State-to-all integral cross-section, as a function of total
energy, for the first three (v,j=0) rovibrational levels, for the Ne + H2

+

: NeH+ + H reaction. The inset shows an enlargement of the
threshold region for the v=2 case, where the arrows show the pro-
gression in the cross-section maxima. The vertical dashed line at
0.8 eV separates the fine and coarse regions in the energy scan-
ning: 100 equally spaced energy values were included up to 0.8 eV,
whereas 25 energies were from 0.8 to 1.1 eV.

Figure 15 Integral cross-section as a function of total energy for the
reaction He + H2

+ : HeH+ + H, summed over all open final rotation-
al states, on a new PES generated from an accurate mesh of ab ini-
tio points.

Figure 16. A comparison between integral cross-sections corre-
sponding to a four-atom IOS-type quantum mechanical method
(open circles) and the QCT method (full circles). Cross-sections be-
low 0.4 eV correspond to purely under-barrier tunneling contribu-
tions. The continuous line is shown only to help viewing.
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above reaction: previous evidence, based on transition state
theory estimates, plus tunneling corrections, showed that
the latter might be rather significant. Thus, we performed a
3D-accurate, 6D-approximate calculation of the reactive
cross-section as a function of energy [38]. The results of this
clearly show that the tunneling contribution to reactivity is
actually much larger than previously expected (Figure 16).
The result is even more remarkable in view of the scarcity of
moderately accurate estimations of high-dimensional tun-
neling processes, and the estimations that, the higher the di-
mensionality of the problem, the smaller it should be. Clear-
ly, light atom transfer, along with a sharp barrier to reaction,
along the reaction coordinate, makes the tunneling contribu-
tion especially important for this process.

iv) Understanding scattering dynamics features: the Ar* +
ClF and BO + H2 systems
In this section, a study which is richer in its dynamical quan-
tities examines two elementary reactions, based on studies
using the quasi-classical trajectory method.

The first process concerns the excited state, two-product
channel, exothermic Ar* + ClF : ArCl* + F, ArF* + Cl
rare–gas halide reaction. Cross-sections, rate constants and
products' energy disposal for both ArCl* and ArF* excimer
formation were calculated [39] (the asterisk indicates the Ar
atom in an initially excited electronic state, and the formation
of the molecular species in an excited rovibrational state),
showing a dominance of the less stable ArCl* + F channel.
Specifically, integral cross-sections as a function of energy
are shown in Figure 17, showing that the total cross-section
arises as the sum of a decreasing (with energy) contribution
from the ArCl*, plus an increasing contribution from the ArF*
channel. Both trends are easily explained in terms of the PES
topography. A remarkable enhancing effect of reactant rota-
tion, as compared to vibration, was found for the ArCl* prod-
uct, whereas the opposite trend was observed for the ArF*
channel. This behavior can be explained in terms of kine-
matic (mass-related) considerations. The effect of rotational
excitation was also used to clarify the angular momentum

transfer mechanism between the two competing reaction
channels. A non-negligible orbital-rotational angular mo-
mentum coupling, from which a simple rotor dynamics mod-
el was worked out to interpret the impact parameter depen-
dence on reactant rotation, was identified. In general, results
seem to indicate that a single-value surface, constructed
with the inclusion of the main characteristics of the reaction
mode observed for similar reactions, describes the dynam-
ics of the ArCl* and ArF* excimer formation in the Ar(3P) +
ClF colliding system.

The second study is devoted to the function of the specta-
tor bond in the tetra-atomic BO + H2 : HBO + H reaction.
Previous evidence from similar reactions pointed to a
prospective proportionality between the amount of inhibi-
tion, when the non-reactive bond was vibrationally excited,
and the mass of one of the spectator atoms [40]. The specif-
ic purpose of this research was then to shed light on this pro-
portionality. To this end, the B and O masses were artificially
doubled and halved, so as to check the resulting isotopic ef-
fect [41]. Contrary to prior expectations, the presumed pro-
portionality clearly failed. Actually, an interesting effect was
observed instead. It was found that a decrease in the re-
duced BO mass diminished reactivity (i.e. the cross-section)
when the BO molecule was initially in excited vibrational
states. However, the very same decrease in the BO reduced
mass was found to promote reactivity when the molecule ini-
tially excited (with vibration) was H2. This apparent counter-
intuitive behavior was satisfactorily explained by assuming
the intervention, in the reaction mechanism, of TS normal
modes other than those correlating with the initial reactant
modes. In particular, data are explained by assuming that
rotation-related modes actively participate in the reaction.
This leads to a complete breakdown of the spectator bond
mechanism, often used for explaining reactivity trends in
several polyatomic reactions.

V. Future prospects

Our research group is involved in new projects which seek
to extend earlier studies to more complex collision and
chemical systems.

On the experimental side, future studies include the use
of alkali-earth atom targets, for which some preliminary re-
sults actually exist, as for the ion-atom collision line. Concur-
rently, a new apparatus has recently been assembled to
study ion-molecule collisions, thus opening up the possibility
of studying molecular dissociation and ionization. Stable tar-
get beams of ZnCl2, SnCl2 and CdI2 have already been suc-
cessfully generated, and even excited Na and Cl+ bands
from SnCl2 + Na+ collisions have been found. Reaction prod-
ucts might be analyzed once a mass analysis system, cur-
rently being assembled, is available.

The experimental study of reactive ion-molecule collisions
requires, however, very low ion energies. This fact prevents
both the generation and focusing of the corresponding
beams, under the current experimental set-up. For this rea-

Figure 17. Total and partial (as for product arrangements) reaction
cross-sections, $i (i = ArCl*, ArF*) as a function of reactant transla-
tional energy, for the (v = 0, J = 14) reactant rovibrational state.
Lines are shown only to help viewing.
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son, a modified apparatus is now under construction. It is
based on directing a low-energy ion beam towards an oc-
tupolar electromagnetic field, which is able to guide and fo-
cus it. The octupolar field generator is enclosed in a sleeve,
into which a suitable gas is injected. Ions ejected from the
octupole will be mass-analyzed, and the decay fluores-
cence collected and analyzed. The operation of the octu-
pole has already been successfully tested.

Finally, a third machine, for the experimental study of col-
lisions involving excited atoms, is under construction. This
apparatus will generate beams of metastable excited rare
gas atoms, using a standard set-up mounted in a differen-
tially pumped chamber. This will be fed into another cham-
ber and crossed with suitable targets. Again, both fluores-
cence and mass analysis will be used to characterize the
collision processes.

On the theoretical side, the recent availability of computer
codes based on a different theoretical framework, the semi-
classical approach, is expected to make it possible to per-
form scattering studies on more complex polyatomic sys-
tems and eventually examine the corresponding reactions in
the condensed phase. These studies look possible thanks to
the smaller computational needs of the semi-classical ap-
proach, since they are based on the computation of classi-
cal trajectories. But, at the same time, quantum effects are
taken into account, at least semi-quantitatively, thanks to the
fact that quantum algebra, under the stationary phase ap-
proximation, is used to compute any required quantity. This
means, ultimately, that quantum mechanical amplitudes are
computed by accumulating a sum of classical actions and
stability matrices, thus obtaining interference, the origin of
any quantum effect. Work on some fundamental aspects of
the method has already been performed [42-44], and we ex-
pect to report soon on progress in specific applications.

At the same time, the rigorous quantum mechanical stud-
ies of benchmark systems are to be continued. Currently,
further refinements of the F + H2 PES suggest greater accu-
racy can be reached, while new calculations on the O+ + H2

system, on a new PES, are currently underway. Preliminary
results are very encouraging.

VI. Summary and conclusions

The experimental and theoretical work of the authors during
the last five years are extensively reviewed in this paper.

The experimental part focuses on intermediate energy
ion-atom collision processes, for which both direct excitation
and charge transfer processes were measured for virtually
all combinations of alkali ions and alkali atoms. These stud-
ies complete a series started some time ago. In addition,
carefully selected and highly sensitive new measurements,
discerning the spin-orbit components and even the magnet-
ic sublevels, were provided for the first time. Results were in-
terpreted in terms of simple non-adiabatic, curve-crossing
models, as well as by means of more sophisticated comput-
er simulations, using hemiquantum-type methodology. The

theoretical apparatus allowed much deeper analysis and in-
terpretation of the experimental results, along with the char-
acterization of several theoretical contributions (e.g. radial
and angular non-adiabatic couplings) to the overall results.

The theoretical part focuses on the study of three-, four-
and five-atom elementary reactive processes. The specific
systems studied so far permitted: a) checking how new
methods out-perform previous versions, b) verifying the ac-
curacy of new formulations of exact methods, c) establishing
the degree of accuracy of full ab initio studies (electronic +
nuclear) for the F + H2 and He + H2

+ systems, d) singling out
several outstanding quantum mechanical features (mainly
resonances and tunneling), and e) performing extended
studies on the dynamics of certain elementary chemical re-
actions, and interpreting the new data found in terms of sim-
ple models.

Future prospects are also given for both the experimental
and the theoretical sides. In short, it is expected that more
complex chemical and collision systems will be dealt with in
the near future.
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