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Abstract

An overview of experimental techniques and instrumentation used in beam scattering studies of the dynamics of elementary
ion-molecule reactions is presented. Procedure used in processing and presenting the scattering data is summarized. Selected
examples of scattering studies are given to illustrate on some of the processes studied the achievements of this method in
investigating ion-molecule dynamics, in particular the dynamics of chemical reactions of ions. (Int J Mass Spectrom 212
(2001) 413–443) © 2001 Elsevier Science B.V.

Keywords: Ion-molecule reaction dynamics; Ion scattering; Experimental methods; Data processing

1. Introduction

Over the past fifty years, studies of chemical
reactions between ions and neutral molecules have
developed into a large field of research in chemistry
and physics. Systematic research of chemical pro-
cesses between ions and neutral begins with the
observation of the nonclassical ion CH5

� in collisions
of methane cations with neutral methane molecules in

the fifties [1,2]. For more than a decade the vehicle for
studies of ion-molecule reactions was the ionization
chamber of a mass spectrometer. Large amount of
data on the nature of chemical products formed and on
rates of ion-molecule processes was obtained during
those years. In the early sixties, requirement for more
detailed information on ion-molecule processes
prompted the development of special instrumentation.
It was in this period that several special techniques
originated, in particular the swarm techniques (the
flowing afterglow [3] and later on the selected-ion-
flow-tube method [4]) for studies of reaction kinetics
of thermal ions, the ion cyclotron resonance method
[5] and its variations, and special instrumentation for
beam studies of ion-molecule processes.

The beam techniques made it possible to study
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kinetics and dynamics of ion-molecule processes in
the near-thermal and hyper-thermal collision energy
range under single-collision conditions. The beam
techniques are characterized by spatial separation of
the site, where reactant ions are produced, where
reactive collisions take place, and where product
analysis is carried out. The development of the field,
various instrumentation aspects and its achievements
has been reviewed several times [6–12]. In principle,
the beam techniques can be grouped into the follow-
ing categories:

(a) Ion beam-collision cell techniques;
(b) Crossed-beam techniques;
(c) Merged-beam techniques;
(d) Guided-beam techniques.

The beam-collision cell (random gas) experiments
provided large amount of valuable data especially in
the early stages of the beam experiments and at higher
collision energies, where the random orientation of
the neutral reactant velocities did not play a signifi-
cant role. At low collision energies this could repre-
sent a significant problem. Cooling of the reactant gas
to decrease the thermal motion of the reactant gas was
of a limited use only. The advantage of the collision
cell was a relatively high intensity of the product ions,
even under single-collision conditions.

The crossed-beam scattering technique largely di-
minished the shortcoming of the spread of relative
collision energies of the beam-random neutral ar-
rangements. It made good quality data on both angu-
lar and energy (velocity) distributions of the product
ions accessible, and thus it turned out especially
suitable for studies of the dynamics of ion-molecule
collision processes. However, localizing the reaction
zone to the crossing of the two beams (a volume
typically of a few mm3 at most) led to a considerable
decrease of the product ion signal, and thus a drop of
as much as 105 between the reactant ion and useful
(scattered) product ion signal was not an exception.
Determining absolute neutral reactant concentration is
complicated and thus absolute total cross section
measurements are difficult; this technique is the main
subject of this contribution and details of this method
will be discussed later.

The merged beam technique made it possible to
achieve very low collision energies defined by the
difference in velocities of two fast moving beams
(relative kinetic energies 10-times lower than the
thermal energy at ambient temperatures were report-
ed). The technique requires that the fast neutral beam
be prepared by charge exchange neutralization of an
ion beam; this makes it possible to prepare, in
principle, thermodynamically unstable neutral reac-
tants like radicals. However, the internal state distri-
bution, especially in case of molecular neutrals is
usually not well defined as a result of the ionization-
neutralization process in their preparation. Also, an-
gular distribution information is practically lost with
fast (keV) moving reactants in the laboratory frame of
reference. The merged-beam technique provided
valuable data in particular in measuring absolute total
cross sections and their dependence on collision
energies. The method belongs to more difficult and
costly techniques applied to studies of ion-molecule
collision processes. Critical appraisal of its advan-
tages and shortcomings has been reviewed earlier
[11].

The guided-beam technique, developed in the sev-
enties by Teloy and Gerlich [13], uses multipole
radio-frequency fields to guide or trap low energy
ions. The guided-beam machines provide an excellent
tool for reaching low collision energies and, in com-
bination with either random-gas collision cells or
crossed beams, an access to reliable measurements of
total cross sections and their dependence on collision
energy. They can also provide data the product
velocity distributions along the beam axis and a
possible application to obtain at least rough informa-
tion on angular distributions has been described [12].

Experimental approach to fundamental questions
concerning microscopic reaction mechanisms of ion-
molecule processes has been connected mostly with
beam-random gas collision cell and crossed beam
scattering techniques. This paper is a review of the
instrumentation used in these studies of ion-molecule
reaction dynamics. Only approaches in which both
angular and product translational energy data were
obtained will be discussed. Some of the other ap-
proaches, complementing the beam reactive scattering

414 Z. Herman/International Journal of Mass Spectrometry 212 (2001) 413–443



data on the dynamics (beam studies of reaction
product chemiluminescence) will be briefly men-
tioned. Ion scattering studies encompass a much
larger variety of elementary ion collision processes
such as elastic scattering, inelastic scattering, disso-
ciative scattering and collision-induced-dissociation
(CID) processes, ion scattering of surfaces etc. Re-
viewing instrumentation used in studies of the dynam-
ics of these ion-molecule collision processes would
require a much more extensive article. Therefore, the
scope of this contribution was limited to instrumen-
tation used in studies of ion-molecule reaction dynamics,
namely chemical reactions of ions, with only shorter
references to other related collision processes (charge
transfer processes, CID). Also, selected illustrations of
the phenomena observed refer only to these areas.

2. Experimental techniques

The aim of studies of the dynamics of elementary
chemical processes is elucidation of

(a) Collisional mechanism of the reaction;
(b) Influence of specific energy of the reactants on the

course of the reaction;
(c) Partitioning of available energy between the

products.

One way to achieve these goals is to investigate the
elementary processes under single-collision condi-
tions in scattering experiments. The answer to (a) is
largely connected with the angular part of the prob-
lem. The overall energy balance of a single-collision
event is given by

ETOT � T � V � R � ���HR� � T� � V� � R�

(1)

In Eq. (1), T is the relative translational energy of the
reactants, V and R their vibrational and rotational
energy, (��HR) the reaction heat, primed terms refer
to the products; electronic energy is usually included
into the (��HR) term. The relative translational
energy of the reactants, T, can be rather well con-
trolled in ion-molecule studies over a wide range of
energies from quasithermal to highly hyper-thermal.

Various methods can be used to control the internal
energy of the reactants or keep it small with respect to
T. By measuring the translational energy distribution
of the products one can at least obtain information on
product energy partitioning between the external and
internal degrees of freedom. In high-resolution stud-
ies, information on V� and R� can be obtained from
structures in product translational energy distribution.
Otherwise, this information can be obtained from
complementary spectroscopic studies (e.g. investiga-
tion of product luminescence).

The development of crossed beam scattering stud-
ies of ion-molecule reactions has been closely con-
nected with the development of beam studies of
neutral-neutral chemical reactions under single-colli-
sion conditions in the sixties. The idea of the exper-
iment was simple: prepare both reactants, a mass-
selected ion and a neutral, in the form of beams of
defined velocity distributions, let them collide in a
reaction zone under a defined angle, and measure the
velocity and angular distribution of the product ion of
this elementary chemical act under single collision
conditions.

An ideal beam scattering experiment is schemati-
cally shown in Fig. 1. The ions are formed in an ion
source and possibly state-selected there; they are then
subjected to mass selection of the reactant ion species,
deceleration and velocity (energy) selection. Simi-
larly, the neutral reactant beam is prepared in a neutral
beam source and velocity and internal state analysis is
applied to it. The two beam cross in the scattering
center. The detector behind the detection slit analyzes
the scattering angle, velocity (energy) distribution,
mass, and possibly internal state of the ion product
formed. Analogously, angle, velocity and internal
state analysis can be (and sometimes was) applied to
the neutral products.

The instrumentation actually used approaches this
ideal configuration to a varying degree. Usually, the
analysis of the ion product (or neutral product) inter-
nal state was carried out in special independent
experiments (chemiluminescence of reaction products
[14]), while in the beam scattering experiments the
emphasis was on determination of angular and veloc-
ity (translational energy) distributions of the product
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ions. The following sections review the variety of
procedures used to achieve this goal.

2.1. Ion sources

Crossed-beam experiments require rather high-
intensity reactant ion beams with a small energy
spread and well-characterized internal energy distri-
butions. The first requirement made electron impact
ionization, a method well developed for mass spec-
trometer ion sources, the most likely candidate for ion
beam production. Various variations of electron im-
pact ion sources (Nier-type source with a collimated
crossed electron beam [15], oscillating electron beam
[16]) were used. The sources often offered reasonable
ion beam energy spreads of about 0.2 eV, full-width-
at-half-maximum (FWHM) [15] so that no further
energy selection was necessary. The Colutron ion
source, basically a discharge source [17], was often
successfully used for reactant ion beam production:
because the mean electron energy in this type of
source is generally lower than in conventional elec-
tron impact sources, preferential formation of ions in
the ground state (in comparison with higher-lying

excited states) was reported as one of its it’s advan-
tages [17]. Use of photoionization [18] or multiphoton
ionization [19] to produce reactant ion beams has
been exceptional and directed to total cross section
measurements with state-selected reactants rather than
to scattering experiments.

Electron impact ionization gives rise to both
ground state and electronically excited states. For
molecular ions, the vibrational state population is
determined by the Franck–Condon overlap between
the neutral molecule and molecular ion states. This
may either lead either to the formation of the ion
prevailingly in its ground vibrational state (e.g. C2H2

�)
or to an inconveniently large internal excitation of the
molecular ion formed (e.g. H2

�, CH4
�, C2H4

�). In
addition, electronically excited states of molecular
ions may decay in radiative transitions to the ground
state and thus further modify the initial population of
the vibrational states before the reactant beam reaches
the collision zone. The initial internal state population of
molecular ions can be roughly estimated [20] as a
product of the energy dependence of the population of
the ion in the break-down pattern and the population of
internally excited states in the photoelectron spectrum

Fig. 1. Schematics of an ideal crossed-beam scattering experiment.

416 Z. Herman/International Journal of Mass Spectrometry 212 (2001) 413–443



of the molecule (assuming that the impact of fast elec-
trons, Eel � 100 eV, leads to similar results as photon
impact and that autoionization may be neglected).

Collisional relaxation or an ion-molecule reaction
in an electron impact ion source at elevated source
pressures has been successfully used to modify the
inconvenient internal energy content of the reactant
ion beam. Thus, e.g. F�(1D) excited state could be
quenched by addition of NO into the ion source [21],
internally relaxed H3

� and ArH� were prepared by in
Ar-H2 mixtures at elevated source pressures [22], pure
N�(3P) ground state beam was formed in a mixture of
nitrogen with an excess of He [23] [the main process
is charge transfer between He� and N2 leading to the
dissociative N2

�(C) state giving N�(3P)], a hydrogen
ion beam preferentially with H2

�(v�0,1) was prepared
in a mixture of H2 with an excess of Ne at a source
pressure of about 10-3 mbar [24] (chemical reaction
with Ne in the ion source, leading to NeH� removed
H2

�(v � 2) formed by electron impact).
An innovative method of relaxing reactant ions

was the use of rf trapping in storage ion sources
[12,13]. Ion formed by electron impact could be
accumulated in U-shaped or labyrinth-shaped elec-
trodes by rf fields to relax by long storage or by
collisions and reactions with added gases to produce
intense short pulses (see also Sec. 3.3.).

2.2. Ion beam preparation

For mass selection of the ion beam, magnetic
sector instruments have been most often used
[15,16,25–29]. Also, the use of a Wien filter for mass
analysis has been reported [30]. This requires in most
cases acceleration of the ions, extracted from the ion
source, to at least a few hundred eV and their
subsequent deceleration and focusation. In several
instances quadrupole mass filters, operating at input
ion energies of a few eV, were used [31,32]. Subse-
quent focusation and collimation of the outgoing ion
beam was then employed. For the deceleration of
mass selected ion, multi-element deceleration lenses
of various types have been described. The improved
Lindholm-type multielement lens [15] with several
deceleration-reacceleration stages has been used in

several devices [14,25,32]. Also, an exponential lens,
specially constructed for ion-molecule collision stud-
ies [28], has been successfully employed [27,28].
Quadrupole lenses, einzel-lenses and immersion lenses
were applied to focus and control the ion beams.

As mentioned earlier, in cases where the energy
spread of the ion beam from the source was about
0.2–0.3 eV, no further energy analysis was employed,
as this spread was sufficient for the purpose in
question. However, several devices used energy anal-
ysis to prepare ion beams of very low energy spread
below 100 meV (FWHM) [29–31]. For this energy
analysis, both cylindrical [29] and hemispherical
[30,31] energy analyzers have been used. Energy
spreads as low as 30 meV have been reported [30] for
beams used in high-resolution ion-molecule collision
studies.

2.3. Neutral beam preparation

Effusive beam sources were almost exclusively
used in the improved version of multichannel arrays
to improve the intensity of the neutral beam along the
beam direction. Small distance from the scattering
center and use of a collimation slit resulted in well-
characterized neutral beams [15] of angular spreads of
less than 10° (FWHM) which found standard use in
studies of the dynamics of ion-molecule reactions
[15,33]. The velocity distribution in these beams is
Maxwellian and the population of internal states
determined by the temperature of the source. Equiv-
alent number densities obtained with these beams
were of the order of 1012–1013 cm�3. Chopping of the
neutral beam and lock-in detection of the scattered ion
signal was an effective way to deal with the back-
ground scattering problems. Effusive beam were
sometimes cooled to lower the velocities of the
neutrals [31].

A considerable improvement of the neutral beam
quality came with the use of supersonic and seeded
beams [27,28]. Gas at a high-pressure and stagnation
temperature expands through a small pinhole into
vacuum and passes through a conical skimmer to form
a supersonic beam. The expansion conditions at suf-
ficiently high Mach numbers, lead to an increase of
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the most probable velocity of the beam particles and
to a considerable narrowing of their velocity distribu-
tion, in comparison with effusive beams. At the same
time, the temperature of the internal degrees of
freedom of the expanding particles is reduced to a few
K. The use of supersonic beam sources greatly in-
creases requirements on the pumping speed, and thus
multiple differential pumped arrangements have to be
used.

2.4 Product analysis

Angular analysis was mostly performed by rotating
the two beams about the collision center with respect
to the fixed detection slit of the detector or by rotating
the detection-slit-detector system about the intersec-
tion of two fixed beams. Extracting the angular
information from varying the guiding field potential
and determining the transverse product ion velocity
component in guided beam devices [12] may provide
an entirely new approach to measurement of angular
distributions. The use of position sensitive detectors
in ion-molecule studies has been so far limited
[34,35].

For product ion energy analysis the simple stop-
ping potential analyzers, consisting of two parallel
high-transparency grids perpendicular to the path of
ions, have been used [15,25,33]. Their advantage is in
an easy measurement of the total product intensity at
a particular scattering angle and in attaining full
collection efficiency, if effective focusation and ac-
celeration the transmitted ions was applied [15,33].
Considerable drawback is in resolving fine structure
in the stopping potential curves and in measuring
small contributions of low energy ions against much
larger contributions of high-energy ions. Electrostatic
deflection analyzers, cylindrical [24,27,29] or hemi-
spherical [15,26,30] overcome the latter shortcoming.
Difficulties with changing collection efficiency for
ions of different energies can be overcome by accel-
eration/deceleration of the incoming ions and operat-
ing the analyzer at fixed throughput energy, the
technique perfected in electron energy analysis. Time-
of-flight analysis on angle-selected ions guided in

multipoles [11,12] is without doubt an efficient
method of product ion velocity analysis.

For mass analysis of the products ions both mag-
netic and quadrupole mass spectrometer systems have
been used the latter being much more convenient in
rotatable detectors.

2.5. Product detectors

The problem of ion detection in scattering experi-
ment is to determine extremely small ion signals of
product ions as well as monitoring orders of magni-
tude larger signals of the reactant ions. In all instru-
ments multipliers have been used. Open diode multi-
pliers have been often used or channeltron multipliers
in the counting mode applied to detect individual
charged products. A reliable detection system applied
rather often is the Daly detector [36]: positive ions are
accelerated toward a metal surface by a high potential
difference (30 keV), where they eject secondary
electrons; these are in turn accelerated by the same
potential towards a scintillator plate, the photons
formed are amplified by a photomultiplier (placed
outside of the vacuum part), and counted as individual
events. The use of position-sensitive detectors [34,35]
and channel plates seems to open a new chapter of
detectors for scattering experiments.

Detection of neutral particles has been limited so
far to fast neutral products of ion-molecule reactions
on a channelplate position-sensitive detector [33,34]
and to a rather unexpected detection of neutral H-
atoms (energies less than 100 eV) from charge trans-
fer collisions between protons and molecules [28] on
an open dynode multiplier. The detection efficiency
for these neutral particles is much lower than for ions,
but the very fact that neutral products from ion-
molecule collisions could be detected considerably
broadened information on ion-molecule dynamics. In
product chemiluminescence experiments spectra of
both ion and neutral products were measured.

Chopping or modulating the neutral beam and
detecting the modulated product ion signal using the
lock-in techniques has been used in several crossed-
beam machines to detect the signal originating in the
tiny beam intersection from the, usually much larger,
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signal from the reaction with background molecules
[15,27,33].

3. Survey of beam and crossed-beam instruments
used

The first experiment in which laboratory angular
distribution of a product of an ion-molecule reaction
(N2D� formed in N2

� � D2 collisions) was measured
[37] showed that measuring only the angular distri-
bution did not provide sufficient information to decide
unambiguously on the dynamics of the process. This
is because in most cases the large hyper-thermal
velocity of the ion reactant leads to confining the
angular scattering to a rather narrow cone along the
reactant laboratory velocity. On the other hand, early
simple measurements of the product ion laboratory
energy along the reactant ion beam direction enabled
a good insight into the kinematics and provided the

first data on direct stripping processes [38]. Thus it
became soon clear that the combination of both these
measurements was needed to obtain more detailed
information on the dynamics of ion-molecule pro-
cesses.

3.1. Crossed-beam apparatus EVA I

The Yale instrument EVA I (R. Wolfgang’s group,
1966 [15]) was one of the early instruments which
used crossed beams and provided scattering data on a
series of ion-molecule reactions of various types
[6,15,39]. It consisted (Fig. 2) of a reactant ion beam
source, a collimated multichannel jet neutral beam
source, a stopping potential energy analyzer, and a
detection mass spectrometer. The two-reactant beams
crossed at right angles and could be rotated about the
scattering center for angular distributions measure-
ments. The ion beam source consisted of an electron

Fig. 2. Schematics of the crossed beam scattering apparatus EVA I [15].
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impact ion source from which ions were extracted,
accelerated to 100–300 eV, mass selected by a 180°
permanent magnet mass analyzer, and decelerated in a
modified multielement Lindholm-type lens. Reactant
ion beams (dimensions 0.4 	 1.0 mm2) of laboratory
energies down to about 0.5 eV could be obtained; the
beams have energy spreads of about 0.15–0.3 eV
(FWHM) and angular spreads of about 1–1.5°
(FWHM). The intensity of the ion beams was close to
the space-charge limit (e.g. about 1 	 10�10 A at the
laboratory energy of 1.5 eV) and the angular spread
was consistent with the expected space-charge broad-
ening of the beam. The neutral beam was typically
collimated to an angular spread of 10° (FWHM). The
neutral beam was chopped by a rotating slit and the
product ions were detected by a lock-in amplifier and
tuned to the chopping frequency to remove the effects
of background scattering. The reactant and product
ions passed then through a detection slit to a simple
stopping potential analyzer (two parallel fine grids)
and they were then focused and accelerated into the
detection mass spectrometer (a 60° magnetic instru-
ment, differentially pumped). The ion currents were
detected on a dynode multiplier. The measurements
consisted of determining laboratory angular distribu-
tions and profiles of energy distribution of the product
ions at a series of scattering angles. These original
data were then used to construct contour scattering
diagrams of the product ions.

An improved, larger variation of this type of
instrument (EVA II, [33]) has been used successfully
in Prague for a variety of studies of the dynamics of
chemical reactions of cations, charge transfer pro-
cesses, collision induced dissociation of polyatomic
ions [40], charge transfer processes and chemical
reactions of dications, and, more recently in a modi-
fied version, for ion-surface scattering studies [41].

3.2. Single-beam instruments

Several ion beam-scattering chamber instruments
were built which provided both angular and product
translational energy distribution data.

In the Berkeley instrument (B. Mahan’s group,
1967 [16]) ions were formed by electron impact in a

source with an axially oscillating electron beam,
extracted, accelerated, and focused by a quadrupole
lens into a magnetic momentum analyzer; mass se-
lected ions were decelerated or accelerated and fo-
cused into the collision cell (two concentric cylinders
with apertures). Ions leaving the collision cell passed
through a 90° electrostatic analyzer and were then
focused into a quadrupole mass filter. The detector
consisted of an aluminum plate at 25 keV from which
accelerated ions released secondary electrons, which
were then accelerated and counted on a semiconduc-
tor detector. The reactant ion beam had an energy
spread better than about 0.75 eV (FWHM) and angu-
lar resolution of the detector train was 2.5°. The
instrument produced large amount of data on ion-
molecule processes, namely at higher (�25 eV) reac-
tant beam energies.

The single-beam device at Gainesville (T.L.
Bailey’s group, 1966 [25]) also produced ions by
electron impact. The ions were extracted and acceler-
ated to 200 eV into a 60° magnetic mass analyzer;
emerging ions were decelerated, focused by a quadru-
pole lens, and subjected to energy selection in a 127°
cylindrical analyzer before entering a collision cell.
Product ion leaving the collision cell were collimated
and directed into the second cylindrical energy ana-
lyzer (analogous to the first one) and mass analyzed
by a quadrupole spectrometer. Counting of the mul-
tiplier output pulses was used to measure the product
ions. The detector train could be rotated about the
collision cell between �10° and �85°. Ion beams
from 2.5 eV up of energy spreads of 0.3 eV (FWMH)
or higher could be used.

The Berlin instrument (A. Henglein’s group, 1971
[26]) used electron impact ionization, 180° magnetic
mass analyzer, a multielement deceleration lens sim-
ilar to the one mentioned above [15], a collision cell,
a stopping potential product ion energy analyzer, and
a quadrupole mass analyzer. Product ions were
counted using a channeltron. For angular distribution
measurements, the reactant ion beam source could be
rotated about the collision cell.

In the Baltimore apparatus (W.S. Koski’s group,
1976 [31], Fig. 3) ions were produced by electron
impact, mass analyzed by a quadrupole mass spec-
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trometer, energy selected by a 180° spherical ana-
lyzer, and focused into the collision cell. The ions
leaving the collision cell entered the detector, which
consisted of another 180° spherical energy analyzer
and a quadrupole mass analyzer followed by channel-
tron particle multiplier. The detector could be rotated
about the collision cell and both angular and kinetics
energy data could be obtained. The use of spherical
energy analyzers made it possible to obtain reactant
ion beams of energy spread 100 meV (FWHM) and
vibrational structure in translational energy distribu-
tions of products f some reactions could be partly
resolved. The instrument was successfully used in a
series of studies of atomic, diatomic ions and simple
polyatomic ions with hydrogen.

3.3. Freiburg differential scattering apparatus

The crossed-beam scattering apparatus built in
Freiburg in the seventies (Gerlich [12,32]) was inno-

vative in using rf devices for the differential scattering
measurements (Fig. 4). Reactant ions were prepared
in a U-shaped storage source by electron impact and
they could relax before being extracted as a micro-
second ion pulse, which was energy and mass selected
in a quadrupole, focused and collimated before reach-
ing the scattering center. The beam divergence was
limited to 1° and ion beam energies down to about 0.2
eV could be obtained. The neutral reactant beam was
introduced perpendicularly through an effusive gas
inlet, which could be cooled to 80 K to reduce the
velocity spread of the molecules in beam. The two
beams could be rotated about the collision center
between �20° and �70°. A collimator restricted the
angular acceptance of the detector to 3°. The product
ion pulse was velocity analyzed by the time-of-flight
method in a 100 cm long hexapole beam guide. It was
then accelerated to 3 keV, mass analyzed by a
magnetic sector spectrometer, and detected with the
use of a Daly-type system. Detailed differential scat-

Fig. 3. Schematic diagram of the Baltimore single-beam apparatus [31]: I.S.-ion source; L1–L13 - lens elements; QMS - quadrupole mass
spectrometers; RC -reaction cell; H - hemispherical energy analyzers; C - channeltron multiplier.
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tering data were obtained for the proton-deuteron
exchange reaction in the H�-D2 system in which
rovibrational structure of molecular product (HD)
states could be partially resolved in the product ion
D� velocity spectra [12,32].

3.4. Kaiserslautern crossed-beam instrument

The crossed-beam instrument constructed at Kai-
serslautern (F. Linder’s group, 1978 [30]) was a
high-resolution apparatus used in a variety of ion-
molecule scattering studies, notably in studying the
H� � D2 exchange reaction in which population of
vibrational states of the molecular product were re-
solved in product ion velocity spectra.

Reactant ions were formed and mass selected in a
side arm of the machine and introduced into the main
chamber at energy of about 200 eV. There they were
decelerated to 3 eV and injected into an electrostatic
energy selector consisting of two 127° cylindrical
condensers in series. The reactant ion beam had a very
small energy spread (30 meV FWHM) and a small
angular divergence (
0.5°). A skimmed supersonic

nozzle beam had an angular divergence of 
1.5° and
it was directed vertically into a big pump. The
detector system, of a similar configuration as the
reactant beam energy selector (two 127° cylindrical
analyzers), could be rotated in the plane perpendicular
to the plane of the two beams. Ions emerging from the
analyzer were directed into a multiplier, without mass
selection. The overall angular resolution of the appa-
ratus was about 
1°.

3.5. Rochester crossed-beam apparatus

The efficient instrument at the University of Roch-
ester (J.M. Farrar’s group, 1980 [27]) was designed
with a special care for defining the neutral beam.
Reactant ions (Fig. 5) were produced in an electron
impact ion source, which could be operated at ele-
vated pressures to use quenching gases. Ions were
extracted, accelerated, focused by quadrupole lenses
into a magnetic sector mass analyzer, and decelerated
in a multielement exponential retarder. The neutral
reactant beam emerged from a supersonic beam
source, which could be seeded with a carrier gas to

Fig. 4. Schematics of the Freiburg differential scattering machine (adapted from [32]).

422 Z. Herman/International Journal of Mass Spectrometry 212 (2001) 413–443



accelerate the reactant neutral species and facilitate
the kinematics analysis; after passing through a skim-
mer, the beam was chopped and collimated by a slit to
the angular width of 2° (FWHM). The product detec-
tion system, rotatable in the plane of the two beams,
consisted of an electrostatic 90° spherical energy
analyzer and a quadrupole mass spectrometer
equipped with a scintillation counter. The geometric
angular resolution of the apparatus was �2.1°
(FWHM) and the energy resolution of the energy
analyzer 75–150 meV. A series of fine studies was
carried out with this instrument, among others on the
kinematically difficult reactions between H2

� and rare
atoms or simple diatomics, reactions involving metal
ions, and more recently in beautiful studies of anion-
neutral reactions (see Sec.5.4.).

3.6. Salt Lake City instrument

The special feature of the crossed-beam apparatus
built at the University of Utah (J.H. Futrell’s group,
1977 [28]) was a high-pressure chemical ionization
source enabling at least partial relaxation of the ions
formed by electron impact. Laboratory energies of the
ion beam of less than 1 eV could be obtained of
energy spreads of about 0.3 eV (FWHM). A 60°
magnetic analyzer and a novel exponential decelera-
tion lens were used to form the ion reactant beam. An
intense (equivalent density at the crossing point of
10-5 Torr) neutral reactant was produced in a super-
sonic nozzle and had an angular spread of 4°. The
rotatable detector consisted of a 90° cylindrical en-
ergy analyzer, a quadrupole mass analyzer, and an

Fig. 5. Schematics of the Rochester crossed-beam scattering apparatus [27].
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electron multiplier detector. The apparatus was suc-
cessfully used in a series of studies of the reaction
dynamics of chemical reactions and charge transfer
processes.

3.7. Newark CID scattering apparatus

The apparatus designed especially for studies of
collision-induced dissociations, with both energy and
angular analysis of the ion products, was constructed
at the University of Delaware (J.H. Futrell’s group,
1988 [42]). It is a hybrid tandem mass spectrometer
with a VG double-focusing mass spectrometer as the
ion beam source; the ions, mass analyzed at 3 keV,
can be decelerated to ensure operation range between
less than 1 eV and 3 keV. The neutral beam source is
a collimated supersonic nozzle arrangement crossing
vertically the reactant ion beam. The product ion
analyzer consists of an energy analyzer (a hemispher-
ical deflection system of a novel type), a quadrupole
mass filter, and an electron multiplier. Angular distri-
butions are obtained by rotating the analyzer about the
collision center. The energy spread of the reactant
beam is about 3–4 eV (FWHM) for ion energies up to
100 eV, the angular resolution is about 3°.

3.8. Göttingen inelastic scattering apparatus

The high-resolution instrument, constructed in
Toennies’s group in Göttingen (1986 [29]) was orig-
inally designed for studies of proton-molecule inelas-
tic energy loss studies. However, it turned out during
these studies that the detector was able to pick up
signals of fast neutral H-atoms formed in charge
exchange collisions with the target molecules. The
machine could be thus also used to provide data on
charge transfer processes. The instrument produced
protons in a Colutron source. After mass analysis and
fine energy analysis in a 127° selector, the ion beam
was pulsed and focused onto a unskimmed crossed
beam of target molecules; the energy-loss analysis
was carried out using time-of-flight analysis in a long
flight tube. When inelastically scattered ions were
blocked off by a repeller field, neutral H-atoms of
energies below 100 eV could be detected on the first

dynode of the Be-Cu electron multiplier with an
efficiency of about 1% of that for H�. Very high
resolution of the machine (better than 100 meV) made
it possible to obtain unique data on charge transfer
between protons and molecules with vibrationally
resolved structure of the charge transfer molecular
product.

3.9. Orsay coincidence instrument

The Orsay instrument (1985 [34,35]) was a novel
type of machine, employing techniques not used
before, like detecting products in coincidence on a
position-sensitive detector. It operated on the princi-
ple of extracting information from the coincidence of
two reaction products (ion and fast neutral) formed in
collisions in crossed beams (Fig. 6). It was used in a
series of important experiments to study dynamics of
chemical reactions between atomic anions X� (Cl�,
Br�, S�) and hydrogen at higher collision energies in
which a variety of charged and neutral products was
measured. The ions were produced in a discharge
source and focused by an einzel-lens into the crossing
with a narrow supersonic beam of H2. Negative
species (e�, H�) formed in the collisions were ex-
tracted perpendicularly by a small extraction field,
applied to two parallel grids, accelerated and detected
on a multichannel plate device. The fast-scattered
neutral particles were collected on a position-sensitive
detector (a double-chevron multichannel plate with 16
anodes). The overall angular resolution of the device
was 
3°. The multicoincidence method consisted in
simultaneous time and spatial correlation between the
slow charged particles (e�, H�) and neutral fast
particles (HX, X).

3.10. Product chemiluminescence apparatus

Measurements of luminescence of products of
ion-molecule collisions has been important comple-
mentary information to beam scattering studies in
ion-molecule reaction dynamics, whenever emission
from electronically excited product states could be
detected. From the recorded spectra, data on the
population of electronic, vibrational, and rotational
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states of the products could be obtained, very impor-
tant information on internal degrees of freedom of the
products to complete the picture of state-to-state
reaction dynamics. The machine built and operated
for many years successfully in Göttingen (Ottinger,
1973 [14]) can serve as a typical example of this type
of instrumentation. (Fig. 7). Ions were produced in a

Colutron-type discharge source, extracted, focused
and accelerated to 1 keV into a 60° magnetic mass
selector. The selected ions were then decelerated prior
to entering the collision chamber by a simple immer-
sion lens to energies from about 1 eV up. The central
part of the collision chamber was viewed by an optical
spectrometer. Emission from the chamber, emerging

Fig. 6. Schematic view of the Orsay coincidence Instrument [34].

Fig. 7. Schematic diagram of the Göttingen chemiluminescence apparatus [14].
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through a MgF2 window at its bottom, was reflected
by a concave Al mirror onto the entrance slit of a
evacuable monochromator of a dispersion of 13.3
A/mm. Using different slit widths, optical resolution
could be varied between 2 and 26 A (FWHM). A
thermoelectrically cooled photomultiplier served as a
detector. Attenuated beam of reactant ions and for-
ward scattered product ions leaving the collision cell
could be monitored by an energy analyzer-mass
spectrometer-multiplier train.

3.11. Guided beam techniques

The principle of guiding ions in rf octupole fields
has a long history and a very wide range of applica-
tions. The principle was used by Teloy to build an
apparatus for measurements of collision energy de-
pendence of total cross sections of ion-molecule
reactions [13]. It consisted of an electron trap ion
source, a magnetic mass spectrometer and an octupole
ion guide (a version of the machine for differential
scattering measurements, see Sec. 3.3.). Thereafter
this first device was developed by Gerlich [12] into a
universal guided beam apparatus. Various versions of
this instrument have found a wide range of applica-
tions in ion beam studies and total cross section
measurements [12].

The universal apparatus [12] consists of a rf
storage ion source in which ions are formed by
electron impact, trapped, and their internal energy
thermalized. By opening the ion gate, an intense pulse
of ions (few microseconds long) is sent into a focus-
ing and mass selecting quadrupole and thereafter into
a lens system. Another pulse applied to a gate in the
lens systems provides additional time-of-flight veloc-
ity selection. The ions are the injected into an octu-
pole via a funnel electrode. The octupole can be
divided into several sections and its’ central part is
usually surrounded by a collision chamber, where
collision processes may take place. Using a collision
chamber at the end of the first octupole section and a
fairly long second octupole section, time-of-flight
analysis can provide velocity distributions of both the
reactant and product ions along the direction of the
octupole axis. The ions are then mass analyzed in a

magnetic or quadrupole mass analyzer and detected
using a multiplier.

The important feature of this technique is that
reactant ion energies down to tens of meV can be
obtained and, with various modifications of the colli-
sion cell arrangement, total cross sections even at
these very low collision energies can be reliably
measured. The reason why we mention this instru-
mentation in connection with scattering experiments
is that it can also provide, in a relatively easy way,
reliable time-of-flight data on velocity distributions of
product ions along the direction of the reactant ion
beam, with a high sensitivity and in the very low
collision energy region, not readily accessible for
beam scattering methods. Angular measurements
were not included into the original design, but it has
been shown recently [12] that by varying the guided
beam potential, data on the transverse velocity com-
ponent of the ions can be obtained and from it
information on the angular distribution of the product
ions formed can be derived.

4. Processing of scattering data: Newton
diagram, scattering diagrams, and derived
quantities

4.1. Basic assumptions of the classical treatment

The main task of the scattering method is deducing
the asymptotic behavior of products from the asymp-
totic behavior of reactants, i.e. far from the collision
center so that no interaction between them takes
place. If molecular particles interact with each other
randomly, i.e. regardless of their mutual orientation,
the molecular species may be replaced by mass points
to obtain a classical description of the state of the
system in external (translational) degrees of freedom.
This approach makes it possible to accept from the
classical two-body collision theory general conclu-
sions valid for the dynamics of elementary chemical
processes, too. In the asymptotic regions the velocities
of the particles are uniform and thus the dynamical
state of the system can be described in the external
degrees of freedom before and after the collision by
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means of time-independent velocities of the particles,
representing them by points in the velocity space of
the system. The internal force acting on the system is
a central force, the angular momentum of the system
is a constant of motion, and the process is confined to
a plane. Therefore, for the purpose of derivation of
basic relations between the velocities, one may work
only with a two-dimensional subspace of the velocity
space (disregarding here the finite size of the beams).
An extension of the following to three dimensions can
be readily accomplished.

4.2. Newton diagram

Results of scattering studies on the dynamics of
chemical reactions have been presented since the
beginning in the framework of the Newton velocity
vector diagram [43]. The Newton diagram provides a
useful graphical representation of the velocity relation
in the laboratory coordinate system (LAB), in which
the experiment is carried out, and the center-of-mass

coordinate system (CM), in which the analysis of the
dynamics is conveniently made. The Newton diagram
for a general reaction A � B 3 C � D is shown in
Fig. 8 [44].

An orthogonal coordinate system can be defined in
the (temporarily accepted) two-dimensional velocity
subspace {O;v1,v2} of the origin O and unit base
vectors v1, v2 (bold letters designate vectors). The
system will be referred to as laboratory coordinate
system (LAB). In general, the velocity vectors of the
reactants A, B (of masses mA, mB and the total mass
M � mA � mB), vA, vB can be located at the origin O
and represented as radius vectors, defined in the LAB
system by expansions

vA � �
i�1

2

�Aivi (2a)

vB � �
i�1

2

�Bivi (2b)

Fig. 8. Newton velocity vector diagram for a reaction A � B3 C � D showing the relations between the LAB and CM quantities. For more
details see the text.
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where vAi and vBi (i�1,2) are Cartesian coordinates of
the radius vectors in LAB and vi are the unit base
vectors. The relative velocity vector vr of the reac-
tants A, B is defined as

vr � vA � vB (3)

and its norm is vr.
In most experimental arrangements the beams

intersect under a fixed angle of 90°. The LAB radius
vectors of the velocities vA,vB of the reactants A, B
can be then oriented parallel to the unit base vectors
v1, v2. Location of the vectors vA, vB to O leads to
representation of vA, vB as radius vectors of the
velocities the particles A, B would have if no inter-
action during the collision occurred (Fig. 8).

One can now construct another orthogonal coordi-
nate system {O�; u1,u2} of the origin O� and the unit
base vectors u1, u2. The expansion of the vector V �

OO� in the LAB has the form

V � �
i�1

2

Vivi (4)

Coordinates Vi and the angle of rotation � of the new
coordinate system are defined with respect to LAB in
general by

Vi � �mAvAi � mBvBi� M�1 (5)

and

� � arccos��vAi � vBi� vr
�1 (6)

The origin O� of the new coordinate system {O�; u1,
u2} will then coincide with the point representing the
LAB velocity of the center of mass of the reactants A
and B and the unit base vector u1 will be parallel with
the reactant velocity vector vr. The new coordinate
system thus defined will be referred to as the center-
of-mass system (CM). Analogous relations for uA, uB,
and ur (CM) apply as for vA,vB, and vr (LAB):

uA � �
i�1

2

uAiui (7a)

uB � �
i�1

2

uBiui (7b)

and the relative velocity vector in the CM system

ur � uA � uB . (8)

Transformation of the Cartesian coordinates of veloc-
ities corresponding to the transformation of the coor-
dinate systems leads to

uA � �mB/M� vr (9a)

uB � � �mA/M� vr. (9b)

The basic feature of the transformation of LAB to CM
coordinate system is the conservation of the norm of
the relative velocity vector

ur � uA � uB � ��mB/M� vr � �mA/M� vr � vr.

(10)

The relative translational energy of the reactants T
(collision energy, CM collision energy) is then iden-
tical with the kinetic energy of the reactants in the CM
system:

T � �1/ 2� � vr
2 � �1/ 2� � ur

2 (11)

(� is the reduced mass � � mAmB/M).
From the relations for uA, uB follows a simple form

of the momentum conservation law in the CM coor-
dinate system, namely

� mAuA � mBuB (12)

Analogous relations can be derived for the products C
and D [44].

The LAB scattering angle of the product C, �C,
can be then defined as the angle between the radius
vector vC and the radius vector of the reactant vA. It is
identical with the polar angle �C of the product
velocity in the LAB system. Similarly, we can define
the scattering angle of the product C in the CM
system, �C, as the angle between the radius vectors
uA and uC; it is identical with the polar angle �C of
the product velocity in the CM system.

4.3. Transformation of intensities: the probability
density formalism

In addition to transformation of velocities and
angles between LAB and CM systems of coordinates,
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relations for transforming measured intensities must
be available. One now returns to the three-dimen-
sional systems assuming, however, that in the exper-
iment the detection orifice is an aperture or a short slit
(comparable resolution in the plane of the beams and
perpendicularly to it).

In the polar LAB system the size of the volume
element of the velocity space is dv d� � dv d� d�.
Similarly, the size of the volume element in the polar
CM system is du d	 � du d� d
 (d� and d	 are
elements of the LAB and CM solid angles, respec-
tively). Thus the size of the volume elements in the
LAB system increases with v2 with the distance from
the origin O and vanishes at O. Similarly, in the CM
system, the size of the volume elements increases
with u2 with the distance from the origin O� and
vanishes at O� (see Fig. 8). This causes difficulties in
interpreting the data. Therefore, it was suggested in
the early years of the scattering studies [45] to use
Cartesian coordinates and a quantity called Cartesian
probability to interpret the scattering data and con-
struct the scattering diagrams. The Cartesian proba-
bility elements dv1 d�2 dv3 � du1 du2 du3 have the
same size over the entire velocity space.

In the following, the probability density formalism
[44] will be introduced as a consistent treatment of the
measured quantities and their processing to yield
further quantities characterizing the dynamics.

The following discussion refers to product ion C,
unless stated differently. For simplicity, the index C
will be omitted in the equations.

First, the quantity f(v,�)dvd� will be introduced.
Its meaning is the probability density distribution of
the product C having in the LAB coordinates velocity
in the interval (v; v�dv) and appearing in the LAB
solid angle interval (�; ��d� ). The variables v, �

can be transformed to the complete set of spherical
variables v, �, �. It follows from the probability
conservation that

f�v,�� dv d� � f�v,�,�� dv d� d�, (13)

with f(v,�) sin� � f(v,�,�). Using the usual Jaco-
bian transformation relations, one obtains

f�v,�,�� � v2 sin� f�v1,v2,v3�, (14)

where v1, v2, v3 is a complete set of Cartesian
coordinates of the product velocity in the LAB sys-
tem. The meaning of f(v1,v2,v3) is the probability of
the ion velocity Cartesian components falling within
(v1; v1�dv1), (v2; v2�dv2),(v3; v3�dv3).

The transformation of the LAB Cartesian coordi-
nates v1, v2, v3 into CM Cartesian coordinates u1, u2,
u3 gives f(v1,v2,v3) � f(u1,u2,u3) and the transforma-
tion of the CM Cartesian coordinates u1, u2, u3 to the
CM spherical coordinates u, �, 
 leads to

f�u1,u2,u3� � �u2 sin���1 f�u,�,
� (15)

Due to the scattering experiments usually in the LAB
kinetic energy distribution of product ions, i.e. a
quantity proportional to the probability density f (E ,
� ),being measured, one should remember that

f�v,��dv d� � f�E,�� dE d� (16)

and

f�v,�� � f�E,�� mv (17)

Combining the equations above, we arrive at an
important relation

f�v,��v�2 � f�E,��mv�1 � f�v1,v2,v3�

� f�u1,u2,u3� � �u2 sin���1 f�u,�,
�

(18)

Thus by dividing the (measured) probability density
f(E,�) by the appropriate value of the norm v �

(2E/m)1/2 one obtains a quantity proportional to the
probability density f(u1,u2, u3). The probability den-
sity distribution f(u1, u2, u3) must reflect the cylindri-
cal symmetry of the scattering pattern about the
reactant relative velocity vector. This makes it possi-
ble to represent the distribution of product velocities
by a cut through the velocity space of the system
containing the reactant relative velocity vector, e.g., in
the plane of the beams. A contour plot of the proba-
bility density distribution f(u1, u2, u3) is referred to as
a contour scattering diagram (sometimes called also
relative double-differential cross section, i.e. relative
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cross section differentiated with respect to both angle
and velocity). The probability density f(u1, u2, u3) has
been referred to also as Cartesian probability [42],
Cartesian intensity, flux density.

4.4. Derived dynamical quantities: probability
density distribution of the CM scattering angle and
of the product relative translational energy

The probability density of the CM scattering angle
� (refers again to the product ion C) is defined by

P��� � � u2 f�u1,u2,u3�du (19)

It can be derived from the equations above [44] that
this quantity is proportional to the differential cross
section �diff(�) and the proportionality constant is the
total cross section of the process. The dependence of
P(�) on � is sometimes referred to as CM angular
distribution or relative differential cross section.

To obtain the probability density P (T� ) of relative
translational energy of the products T�, we derive first
the expression for the probability density P (u) of the
product C CM velocity u,

P�u� � �� f�u,�,
�d�d
 � 2� � f�u,�,
� d�

(20)

Substituting from Eq. (15) the relation between f(u,
�,
) and f(u1, u2, u3) gives

P�u� � 2�u2� f�u1,u2,u3� sin�d� (21)

Because P(u) du � P(T�) dT�, one obtains for the
products C,D (of masses mC, mD)

P(uC) � P(T�) uC mC M mD
-1 and finally

P�T�� � 2�mD�mCM��1 uC� f�u1,u2,u3� sin�d�

(22)

The relative translational energy of the products, T�, is
related to uC by T� � mCM(2mD)-1uC

2 . The depen-
dence of the probability density distribution P(T�) on
T� is usually called the distribution of product relative
translational energy.

5. Examples of beam scattering studies of
ion-molecule reaction dynamics

In this section, sample results of studies of the
dynamics of ion-molecule reactions will be presented
to illustrate some of the achievements of the scattering
studies. The emphasis of this contribution is on
instrumentation and therefore no attempt will be made
to discuss the conclusions on the dynamics in detail.
Also, this paper concerns instrumentation used in
studies of reaction dynamics and thus the examples
illustrate mainly phenomena observed in scattering
studies of chemical reactions of ions, i.e. bond-
rearrangement processes of the type

A� � BC3 AB� � C (23)

where A, B, and C are atoms of groups of atoms.
Other ion-molecule collision processes will be men-
tioned only marginally or not at all (e.g. a large field
of elastic and inelastic collisions of ions).

Of the rich variety of various chemical processes
studied in crossed beam experiments, examples per-
taining only to one class of elementary ion-molecule
chemical reactions, namely reactions of the hydrogen-
moiety transfer (H� or H-atom), were selected. Basic
phenomena observed in studies of reaction dynamics
can be conveniently illustrated on this particular class
of chemical reactions of ions.

5.1. Direct processes

Fig. 9 shows the scattering diagram of HeH� [46]
formed in the reaction of H2

� with He at the collision
energy of 2.70 eV (cm), with the underlying frame-
work of the Newton diagram. The cross denotes the
position of the center-of-mass (the tip of the CM
vector V). In the CM coordinates, the neutral reactant
He approaches from the right along the relative
velocity vr with its CM velocity u(He) (smaller of the
two). The product HeH� is scattered preferentially
forward with respect to the direction of approach of
the reactant He, the backward scattering representing
only 14% of the forward peak. The crater in the
scattering diagram about the CM point indicates
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dissociation of the reaction product excited above the
dissociation limit (low CM velocity means high inter-
nal excitation). The preferential scattering of HeH� in
one direction with respect to the CM point (a strong
forward-backward asymmetry) characterizes a direct
(impulsive) collisional mechanism of proton transfer
in which the reactants interact for a period of time
shorter that a vibrational period of the system. Peak-
ing of the product close to the point spectator strip-
ping (SS) suggests that the direct mechanism can be
described by the SS model in which the peak product
velocity is determined by a simple momentum trans-
fer of the proton of H2

� to the momentum of the
projectile He moving in the opposite direction. This
conclusion was confirmed by an accompanying quasi-
classical trajectory study [46] on the ground-state
HeH2

� potential energy hypersurface, one of the first
trajectory studies of ion-molecule reactions. The cal-
culations showed that typical reactive trajectories are
of a direct, unsnarled type, close to the spectator
stripping model predictions. The dynamical quanti-

ties, which could be derived from both experiment
and theory (product CM angular distributions and
relative translational energy distributions), were in
excellent agreement.

Another example of the direct, stripping mecha-
nism is the reaction between Ar� and hydrogen
(deuterium). In Fig. 10, the scattering diagram of
ArD� formed in this reaction at the collision energy
of 2.72 eV (cm) is shown [47]. The direction of the
relative velocity is along the axis 180°–0° and the
projectile Ar� approaches from the left. The product
is preferentially scattered forward with respect to the
CM point (cross in Fig. 10), indicating a direct
process. This reaction was studied by many laborato-
ries and other measurements [48] confirmed that the
forward scattering of the product and the direct
character of the process persists even at collision
energies approaching the thermal region (0.08 eV,
CM). It turns out that the direct character of a process
is connected with the type of the potential energy
hypersurface of the system: direct processes are con-

Fig. 9. Direct mechanism: Newton diagram for the reaction H2
� � He at T �2.70 eV and the contour scattering diagram of the product HeH�

(adapted from author’s data in [44]). For more details see the text.
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nected with hypersurfaces relatively flat in the inter-
action region along the direction of the reaction
coordinate.

5.2. Intermediate complex formation and
decomposition

An indication that in a chemical reaction a long-
lived intermediate complex is formed from the reac-
tants, which then decomposes to products, is the
symmetry of the scattering diagram of the product
with respect to a plane passing through the center-of-
mass point perpendicularly to the relative velocity.
Such a behavior results from the formation of an
intermediate species (thermodynamically stable with
respect to both reactants and products), which lives
for many rotations, and then it decomposes in a
unimolecular way randomly, without preference to
any direction. The important difference between a
unimolecular decomposition of an excited molecule
and unimolecular decomposition of this reaction in-
termediate is a high angular momentum of the latter;
this comes mainly from the orbital angular momen-

tum of the approaching reactants. Deposition of the
angular momentum determines the detailed shape of
the CM angular distribution which is, however, al-
ways symmetric with respect to the CM scattering
angle of 90° (reflection of the specific shape of the
scattering pattern). In an ideal case, a statistical
complex is formed which redistributes randomly the
energy available over its internal degrees of freedom
and then it decomposes with an exponential distribu-
tion of lifetimes to products. Thus the characteristics
features of the intermediate complex formation and
decomposition in scattering are (a) forward-backward
symmetry of the scattering pattern, and (b) deposition
of only a small fraction (on the average) of the energy
available in the process into the product relative
translational energy. The shape of the product relative
translational energy distribution curve results from the
statistical distribution of energy over the internal
degrees of freedom of the intermediate under the
condition of the total angular momentum conserva-
tion. Complex-forming collisions are thus strongly
inelastic. The forward-backward symmetry of the
scattering pattern has a tendency to decrease, if the
mean lifetime of the intermediate approaches one or a
few mean rotations. This may be sometimes used to
roughly estimate the mean lifetime of the intermedi-
ate.

Fig. 11 shows, as an example, scattering patterns of
C3HD� and C3D2

� (relative concentrations of the two
products indicated statistical H-D scrambling) from
the reaction of C3H� and D2 [49]. The scattering
pattern exhibits, within the experimental error, the
forward-backward symmetry and it is somewhat elon-
gated along the axis perpendicular to the relative
velocity (horizontal line). This suggests a dissociating
intermediate which behaves as a oblate near-symmet-
ric top, and leads to the conclusion that the critical
configuration of the intermediate, from which the
products are formed by an extension of a critical
bond, is prevailingly a cyclic C3HD2

� structure de-
composing to a cyclic product c-C3HD� (c-C3D2

�)
and a D(H) atom [49].

One of the decomposition paths of an intermediate
complex must be its dissociation backward to the

Fig. 10. Direct mechanism: Contour scattering of ArD� formed in
the reaction between Ar� and D2 at T � 2.72 eV [45].
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reactants. Fig. 12 brings an example of scattering
results on such a decomposition channel: the reaction
between the acetylene cation and acetylene molecule
leads to reaction product ions C4H3

� � H, and
C4H2

� � H2. Using C2D2
� � C2H2 as reactants re-

veals formation of C2HD�, formed as a result of H-D
scrambling in an intermediate C4H2D2

� and its decom-
position backwards to the reactants [50]. The scatter-
ing pattern has the forward-backward symmetry in-
dicative of an intermediate complex formation, but it
is extremely elongated along the relative velocity - an
entirely different shape from that in Fig. 11. This
shape is consistent with the intermediate having a
practically linear C-C-C-C shape in the critical con-
figuration leading backward to the reactants. The
translational energy distribution peaks at 0.15 eV, i.e.
at about 6% of the total energy available in this
reaction channel showing a strongly inelastic process
of a statistical complex decomposition.

5.3. Parallel mechanisms

Some ion-molecule reactions were shown to pro-
ceed by several parallel collision mechanisms. The
reaction between the methane cation and methane
molecule leading to CH5

� belongs to the oldest and
most often studied ion-molecule reactions. Scattering
studies of its dynamics revealed, however, that its
collisional mechanism is rather complicated. Fig. 13
shows a scattering diagram of CH5

� at the collision
energy of 0.67 eV [51]. It shows three groups of the
product ions CH5

� which can be identified with three
parallel mechanisms of the product formation: (a)
direct mechanism of proton transfer from CH4

� to CH4

with characteristics of the spectator stripping mecha-
nism (PSS in the lower portion of Fig. 13); (b) direct
mechanism of H-atom transfer from CH4 to CH4

�,
again with an energy release characteristic of the
stripping mechanism (HSS in the figure); (c) an

Fig. 11. Intermediate complex formation: Contour scattering diagrams of C3HD� and C3D2
� from the reaction C3H� � D2 at T � 1.45 eV

(adapted from data in [47]).
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intermediate long-lived complex C2H8
� decomposi-

tion (intensity symmetrically distributed about the
CM point, indicating a strongly inelastic reactive
process,. typical for dissociation of an intermediate).
Formation of products by these three parallel mecha-
nisms appears to be a general phenomenon in reac-
tions between hydrogen-containing molecular cations
with their own molecules, observed since in several
other systems (water, acetonitrile, methanol, acetone).

An example of different reaction paths on a poten-
tial energy hypersurface of a system, leading to the
same product, may be the reaction between the
acetylene cation and methane leading to C2H3

� and
CH3 [52]. The scattering pattern of C2H3

� (Fig. 14)
exhibits two pairs of peaks symmetrically located
forward and backward from the CM point along the
relative velocity. The two inner peaks have the same
height, while the outer pair of peaks exhibits an
asymmetry: the backward peak is about half of the
forward peak. This pattern and its dependence on the
collision energy was interpreted as indicating forma-
tion of the product simultaneously via decomposition

of intermediates of two different lifetimes, connected
with two different pathways on the potential energy
hypersurface. Formation of the long-lived intermedi-
ate (estimated mean lifetime longer than about 4 ps)
suggests a reaction path involving formation of
strongly-bound C3H6

� isomers, and formation of the
shorter-lived intermediate (mean lifetime decreasing
to about 0.3 ps at the collision energy shown in Fig.
13) as a reaction path going through H-bonded inter-
mediates (C2H2..H..CH3)�. This conclusion was fur-
ther confirmed by results of studies of the reaction
with CD4: the lower part of Fig. 13 shows velocity
profiles along the relative velocity of the ion products
with increasing H-D exchange, C2H2D�, C2HD2

�,
C2D3

�, respectively. It can be seen that the inner peaks
(long-lived complex) remain practically unchanged
with the extent of H-D scrambling, while the outer
peaks (shorter-lived intermediate) gradually disappear
with increasing H-D scrambling. This indicates that
the rate of the decomposition of the shorter-lived
intermediate effectively competes with the rate of
H-D scrambling. The lower part of Fig. 14 shows also

Fig. 12. Intermediate complex formation: Contour scattering diagram of C2HD� from backward decomposition of the intermediate complex
formed in C2H2

� � C2H2 collisions at T � 2.52 eV (adapted from data in [48]).
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results of velocity distribution of the three products as
obtained in a guided-beam experiment [53] at the
same collision energy (dash-and-dot curves). The
comparison of both results show that the beam scat-

tering experiments, which relate to a thin slice of the
velocity space in the plane of the beams, may some-
times provide a more detailed picture than guided
beam experiments (without angular information),

Fig. 13. Parallel mechanisms: Contour scattering diagram of CH5
� formed in CH4

� � CH4 collision at T � 0.67 eV (upper part), and (lower
part) the respective Newton diagram with beam velocity spreads, schematics of the CH5

� contours and mechanism indications (PSS - proton
stripping, HSS - H-atom stripping, CM - center-of-mass).

435Z. Herman/International Journal of Mass Spectrometry 212 (2001) 413–443



which integrate over the azimuthal angle all product
intensities having the same velocity component along
the relative velocity vector.

5.4 High-resolution studies

Several studies of the dynamics of ion-molecule
chemical reactions, in which population of internal
(vibrational and rotational) states of the product was
resolved in product translational energy measurement,
exemplify the extent of detailed information that may
be obtained from crossed-beam scattering experi-
ments. Rather naturally, these beautiful results have
been so far limited to special cases of triatomic
systems. In many other cases, especially in poly-
atomic systems, the internal level mixing in chemical-
rearrangement processes leads to population of many
overlapping rotational and vibrational levels and thus
attempts to resolve structure in translational energy
distributions are in principle difficult.

The benchmark example of a high-resolution scat-
tering study is the investigation of the exchange
reaction H�� D2 3 D� � HD ([12,32], see also
Sec. 3.3.) at low collision energies. Fig. 15 shows
energy profiles of the product D� with partly resolved
structure of the rotational and vibrational states of the
neutral product HD (as indicated by arrows). At T�
0.56 and 0.64 eV shown in the figure, the collision
energy is varied near the threshold of producing HD
(v � 1). Upper part of Fig. 15 brings experimental
results, its lower part compares the results with
rovibrational distributions as calculated using the
most dynamically biased (MDB) variation of the
statistical model [54]. The overall agreement between
the experiment and calculations (assuming a statistical
intermediate) on the population of product internal
states indicates involvement a strongly bound inter-
mediate HD2

� in the reaction.
Another remarkable series of recent high-resolu-

tion studies represents investigation of reactions of
simple anions at low collision energies. Fig. 16
summarizes the results of studies of the reaction
between O� and D2 [55]. Structure observed in the
translational energy distributions of the product OD�

was deconvoluted and plotted as a fine-structured
scattering diagram. From it, relative populations of
the vibrational levels of OD� and vibrational-state
dependent angular distributions could be derived as
well as their changes with the collision energy. Such

Fig. 14. Newton diagram and contour scattering diagram of C2H3
�

from reaction C2H2
� � CH4 at T � 2.00 eV (upper part). Velocity

profiles along the relative velocity of reaction products C2H2D�,
C2HD2

�, and C2D3
� from the analogous reaction with CD4 (dash-

and-dot lines show results of product velocity measurements from
a guided-beam experiment at the same collision energy) - lower
part (adapted from data in [50]).
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fine experimental information provides an excellent
basis for very detailed dynamical conclusions and a
challenge for further theoretical studies.

5.5. Chemical reactions of molecular dications

While elementary processes of charge transfer
between doubly charged ions and neutral molecules
have been investigated for several decades and their
dynamics and energy partitioning in products studied
in detail in scattering experiments [56,57], observa-
tion of chemical reactions of molecular dications is a
fairly recent phenomenon [58]. Beam scattering stud-
ies of the reaction between CF2

2� � D2 [59,60] pro-

vide information on the dynamics of the main pro-
cesses, a chemical reaction leading to CF2D� � D�

(exoergicity ��HR � 7.6 eV) and a nondissociative
charge-transfer reaction leading to CF2

� � D2
�

(��HR � 5.04 eV). The scattering diagrams of the
products CF2D� and CF2

� (Fig. 17) show the products
recoiling with substantial velocity and indicate that
coulomb repulsion between two singly charged reac-
tion products dominate the energy partitioning. The
peaks in product translational energy distributions
show that in the charge transfer process with highest
probability 4.1–4.5 eV (about 76% of total energy
available) goes into product translation, about 1 eV
goes into internal excitation of the CF2

� product, and

Fig. 15. Energy profiles of D� (at the LAB scattering angle of 5°) from the hydrogen exchange reaction in H� � D2 collisions at low energies
(0.56 and 0.64 eV) with arrows pointing to positions of vibrational (v�) and rotational (j�) levels of HD formed (upper part). Lower part: fit
of the experimental data using the statistical MDB model (sticks and dashed line). Adapted from [32], see also [12].
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about 0.25 eV into internal excitation of the D2
�

product (v � 1,2). In the chemical reaction, 6–6.5 eV
(about 75% of the total energy available) results in
product translation and 1.7–2.7 eV (about 25%) re-
mains as internal excitation of the molecular product.
For a chemical reaction, this is an unusually high
fraction of energy in translation and thus the chemical
reactions of dications appear to represent a new,
rather unusual class of chemical reactions, character-
ized by a very high kinetic energy release. Also, this
and other reactions of molecular dications with hy-
drogen belong to a very rare type of chemical reac-
tions of ions in which a “naked” proton (and, in

addition, of a high kinetic energy) is formed. A
general model, based on crossings of potential energy
surface(s) of the dication system with coulomb repul-
sive surfaces leading either to charge transfer or to
chemical rearrangement products was suggested [59,60]
which accounts well for the competition of various
processes observed in dication-neutral collisions.

5.6. Dynamics of charge transfer processes

Scattering studies contributed also to better under-
standing of the dynamics and energy exchange in

Fig. 16. Summary of scattering results on OD� formed in O� � D2 collisions at T �1.20 eV. Left: Newton diagram and LAB velocity profiles
of OD� at several scattering angles. Right: contour scattering diagram and 3D scattering diagram derived from the data (adapted from [52]).
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cation-neutral charge transfer processes. Some of the
results will be mentioned at least briefly here. Early
studies showed that the translational-to-internal en-
ergy exchange in elementary charge transfer pro-
cesses varies considerably with the impact parameter
of the reactants: for large impact-parameter collisions,
which lead to little or no angular deflection of the
charge-transfer products, the process tends to occur
by a simple electron jump in a near-resonant way. On
the other hand, small impact-parameter collisions lead
to large-angle scattering and to a considerable mo-
mentum exchange which may populate many internal
states of the products (if an intermediate is formed in

this latter collision, a considerable level mixing and
population of a wide range of internal states may
occur). Fig. 18 shows, as an example, scattering
results on a charge transfer study of a simple system
Ar�(H2, Ar) H2

� system, i.e. collisions of Ar� � H2

leading to H2
� � Ar (see Sec. 5.1. for dynamics of a

chemical reaction in this system). Fig. 18 (upper part)
shows a scattering diagram of H2

� at the collision
energy of 0.48 eV: 0° indicates the direction of the ion
product H2

� which did not suffer any deflection in the
charge transfer process (original direction of move-
ment of the neutral reactant). Maximum of the scat-
tered intensity occurs about this point, practically on
the resonant charge transfer (RCT) circle, which
indicates the loci of the product velocity, if no
exchange between translational and internal degrees
of freedom of the system took place. The much
smaller backward scattering shows a broader distri-
bution of product velocities and its maximum occurs
inside the RCT circle, indicating a translationally
endoergic process. The lower part of Fig. 18 gives the
product relative translational energy distribution, re-
sulting from small angle scattering (over 0°  � 

60°), for three collision energies between 0.13 and
3.44 eV. The scales in the upper part of the figure
indicate the translational energy release expected for
the formation of H2

�(v, J). The result clearly shows
that over a wide collision energy range for small angle
scattering (large impact parameters and small angular
deflections) the charge transfer process occurs prefer-
entially without momentum exchange in a resonant
way, leading with Ar�(2P3/2) to the formation of
H2

�(v � 1) with no or very little change of the
rotational state of the molecular species. For large
angle scattering (Fig. 18, lower part, right) a broad
range of vibrational and rotational states is populated
in momentum exchange, inelastic and superelastic
charge transfer collisions, resulting from small im-
pact-parameter, intimate (though still prevailingly
direct) encounters. The discussed case represents a
very simple system with rather widely separated
internal states. For a polyatomic system with a high
density of internal states of the molecular product, a
rather narrow band (a few tens of an eV) of internal
states about the resonant energy tends to be populated

Fig. 17. Chemical reactions of molecular dications: Scattering
diagrams of the products CF2D� and CF2

� from CF2
2� � D2

collisions at T � 1.0 eV. The upper part of the figure gives the
underlying Newton diagram (in the reduced scale 1:2); circles show
the maximum CM velocity the products CF2D� (dashed) and CF2

�

(dotted) can achieve, if the exoergicity of the process were
transformed entirely into product translational energy (adapted
from [60]).
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Fig. 18. Charge transfer Ar�(H2, Ar)H2
�: the upper part shows the scattering diagram of H2

� at T � 0.48 eV, the lower part product
translational energy distribution for three collision energies between 0.3 and 3.44 eV for small angle scattering (left, plotted against
translational exoergicity �T � T�-T), and large-angle scattering (right, plotted against T�. The scales show product translational energy
expected for H2

� formed in the respective vibrational (rotational) states (adapted from data in [61]).

440 Z. Herman/International Journal of Mass Spectrometry 212 (2001) 413–443



in large impact parameter, simple electron exchange
collisions, as shown, e.g. in a scattering study of the
charge transfer between Kr� and CH4 [62].

Considerable amount of attention was given to the
charge transfer process Ar�(N2, Ar)N2

�, in particular
to the probability of formation of specific vibrational
states of N2

�. Various experimental and theoretical
methods were used to address this problem [63]. In
beam scattering studies of this reaction [64], struc-
tures in the scattering diagrams were resolved which
could be correlated with the formation of N2

� in
various vibrationally excited states. Fig. 19 is an
example of a scattering diagram at the collision
energy of 0.8 eV. Concentric circles about the CM
point correspond to loci of formation of the ion
product N2

�(X2¥g) in v � 1, 2, 3 in processes of
endoergicities increasing from 0.09 eV (v � 1);
Formation of N2

�(v � 0) in a slightly exoergic pro-
cess (by 0.18 eV) was also observed. Relative popu-
lations of the ion product vibrational states could be
derived from the scattering diagrams as well as their
changes with the collisions energy. The scattering
data contributed significantly to understanding of the
state-to-state dynamics of this system.

High-resolution scattering experiments on the
charge transfer process H� � O2 [29,65] revealed a
strong dependence of the vibrational transition prob-

abilities to O2
�(v) on the scattering angle. At very low

laboratory scattering angles a strongly enhanced con-
tribution of the more resonant states (v � 3–6) was
found (as compared to a Franck–Condon distribu-
tion). The Franck–Condon distribution peaks at v�1
and population of vibrational states about this value
was reflected in the measured spectra at scattering
angles of about 4°, while at larger scattering angles
deviations toward population of higher vibrationally
excited states were observed. Explanation of the
changes in vibrational state populations was given in
terms of the underlying potential energy surfaces.

5.7. Dissociative scattering

Investigation of dissociative scattering, or colli-
sion-induced-dissociation (CID) with product ion en-
ergy and angle measurements, belongs to the general
area of studies of inelastic (translational-to-internal)
energy transfer in ion-molecule collision. The full
kinematics of collision-induced dissociation processes
of the type AB� � C 3 A� � B � C, from which
three products result, cannot be decided by measuring
data of only one (ion) product, unless a certain
assumption about the mechanism of the process is
made. This may be done, e.g. for polyatomic projec-
tiles, if one can assume (on the basis of experimental
evidence) that the dissociation process occurs in a
unimolecular way after the energy transfer interaction
with C and/or if the mass ratio A�/B is conveniently
high so that the position of A� in the velocity space
traces at least approximately the position of collision-
ally-excited AB� before dissociation.

Collision-induced-dissociation at keV energies, be-
sides being a significant source of information on
energetics and collision mechanism of small molecu-
lar projectiles [66], has been for a long time an
extremely important mass spectrometric tool in struc-
tural and analytical characterization of large poly-
atomic ions [67]. An important observation of the
dependence of the extent of parent ion fragmentation
on the scattering angle for keV projectiles [68,69]
brought up the question of the energy-transfer vs.
angle correlation. An early crossed-beam scattering
study of this problem [70] established even for low

Fig. 19. Charge transfer Ar�(N2, Ar)N2
�: scattering diagram of N2

�

at T � 0.78 eV; concentric circles about CM indicate velocities of
the ion product, if formed in the respective vibrational states
N2

�(v�). Adapted from [64].
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CM collision energies (a few eV) of simple poly-
atomic projectile ions (CH4

�, C3H8
�) a unimolecular

character of the decomposition of the collisionally
activated projectile, an approximately linear depen-
dence between the most probable energy transferred
and the CM scattering angle, and the translational-to-
vibrational character of the energy transfer. Also, the
basic kinematic charactertistics of the dissociative
scattering were formulated. Further low-energy disso-
ciative scattering studies have provided data on long-
lived isolated electronic states of polyatomic projec-
tiles [71,72] and a knockout mechanism in
dissociation of small molecular ions [73]. A recent
review [74] summarizes the results of low-energy
dissociative scattering studies in context with other
methods of investigation of dissociation of ions by
collisional activation. The guided-beam technique
with angular analysis has been recently applied to
studies of CID to determine the (CO)5Cr�–CO bond
dissociation energy [75].

6. Conclusions

This is a shortened review on the instrumentation
used in beam scattering experiments in ion-molecule
reaction dynamics, complemented by selected exam-
ples of some of the processes studied and dynamical
conclusions achieved. Investigation of the dynamics
of ion-molecule processes, i.e. of collision mecha-
nisms and energy partitioning in products, has repre-
sented and will undoubtedly represent just a small part
of studies of ion-molecule reactions. One of the
reasons is that experiments are difficult and time
consuming. A more important reason appears to be
that there will be always much larger demand for
kinetic data on ion-molecule processes: values of rate
constants and their temperature dependence, cross
sections and their dependence on energy, possibly
influence of selective energy of the reactants on rate
constants and cross sections. Nonetheless, when it
comes to detailed understanding of an elementary
process, i.e. the influence of selected energy of reac-
tants on collisional mechanism and on energy parti-

tioning in the products, crossed beam scattering ex-
periments are most likely to provide the answer.
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