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An overview is provided of the utility of a mew ion
collision technique, translational enpergy spectrometry
(TES), in probing molecular potential energy surfaces.
TES is a gas-phase collisional technique in which the
analysis of the changes in the kinetic energy of a
projectile ion which has undergone collision with 2

QUANTITATIVE insight into interatomic potentials which
govern the dynamics of cbemical transformation
processes continues to elude physicists and chemists
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neatral atom/molecule furnishes information about the
interaction potential between the projectile and the
target. An advantage this technique offers over conven-
tional spectroscopic and laser-based methods is relatively
easy access to intrinsically unstable species such as singly
charged radicals and multiply charged molecular jons.

even though sophisticated quantum mechanical metho-
dologies and powerful laser techniques have enabled
increasingly detailed studies to be carried out of atomic
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and molecular species, theoretically, at levels well
beyond Hartree—Fock and, experimentally, over the
entire spectral range from the microwave to the X-ray
region. Despite the astounding strides that have been
made 1n development of laser-based experimental
techniques 1n the last decade, an active need continues
to be felt to develop new methodologies for investi-
gating the dynamical aspeCts of chemical transforma-
tion processes on a microscopic level, collision by
collision. Ton translational energy spectrometry (TES) is
an example of one such recent non-laser-based
development.

TES 1s a gas-phase collisional technique 1n which the
analysis of the changes in the Kinetic energy of a
projectile ion which has undergone collision with a
neutral target atom or molecule furnishes information
about the interaction potential between the projectile
and the target. As the projectile is a charged species, 1on-
neutral reactions can be investigated whose dynamics
are dominated by interactions which occur at large
internuclear distances. In other words, only the long
range part of the overall potential energy surface on
which a given reaction occurs need be considered in
concomitant theoretical studies. This provides a distinct
advantage insofar as quantitative understanding of
reaction dynamics needs theoretical information of enly
a subset of the entire complex interatomic potential
surface; conversely, experimental results forthcoming
from TES measurements of ion-neutral reaction pheno-
mena provide a stringent test of the effectiveness of
contemporary guantal technigues of generating mole-
cular potential energy surfaces.

This brief account attempts to provide an overview of
this new 10on collision technique for probing molecular
potential energy surfaces, Collision processes leading to
single and multiple electron capture, charge stripping
and dissociation, are examples of 1on-neutral reactions
which occur readily at large internuclear separations of
reactant species; thesc are topics which have been
extensively studied in experiments carried out at the
avthor’s laboratory 1n the last ten years (see refs. 1, 2
for recent reviews and compilation of pertinent
hiterature).

Long-range interactions

Consider the simplest of molecular dynamics problems,
that involving the interaction of one hydrogen atom
with a single hydrogen molecule:

H, +(H,~H)—(H, —H)+H, (1)

In attempting to gain information on exactly how this
simple hydrogen transfer reaction procecds on 2
microscopic level, recourse has to be made to an
approximate treatment,
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The first approximation to be made is of a theoretical
nature: one constructs a three-dimensional potential
energy surface by considering only those reactions
which proceed when the reactant H atom approaches
H; collinearly {along the H,—H_ axis). In such a case,
only two parameters suffice to construct an appropriate
potential energy surface in which energy changes can be
plotted as a function of H,—H, distance and H,—H_
distance. It turns out that, in this particular case, such
an approximation is extremely good, because the lowest
energy pathway happens to be that which results irom
a coflinear collision. Furthermore, high level ab initio
quantum-chemical calculations of the energy surfaces of
the H-H, system can be carried out reasonably
accurately. On the other hand, for most other chemical
transformation processes the calculation of energy
surfaces continues to be a formidable task. If we
consider a chemical reaction 1n which the reactants and
products are considered as a dynamic system compris-
ing n, electrons and a_ nuclel, the combined motion of
all the particles requires solution of a nonseparable
Schrédinger equation of 3(n,tn_ —1) variables. This
requires a multidimensional configuration space. More-
over, it is also clear that analytical solutions for such an
equation will not be forthcoming; even purely numerical
methods, requiring ‘reasonable’ compritational effort, are
ruled out in all but a very few cas=s. It is thercfore
advantageous to attempt to tackie ‘rez!’ problems in a
piecewise fashion, by empioying techniques which are
appropriate only in a given subset of the total
configuration space. This necessitates the making of a
second approximation, one which is of an experimental
nature.

We can choose our reactants in such fashion that trans-
formation processes of interest occur with high probability
in only a part of an overall complex, multidimensional
energy surface. Collisions in which one of the reactants is
an ion provide the major example of this approach. Here,
those transformation processes can be studied which
occur as a result of relatively long-range interactions
between reactant species. In such cases asympiotic
approximations to complex energy surfaces are often
sufficient to explain, and lend substance to, experimental
information. An additional advantage of focusing on 1on-
neutral reactions is that, in many cases, simpliying
straight line trajectory approximations, such as the impact
parameter method, yield satisfactory results.

Experimental hardware

The probing of long-range interatomic micractions by
means of jon-neatral collisions can, 1 principle, be
carricd oud in a variety of ways. A copceeptual diagram
of the experimental hardware recessary for such studies
is shown in Figure 1. An ion beam iy a prereguisite; in
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Figure 1. Schematic representation of anr ion-neutral coliision
PTOCESS.

an ideal experiment, the ion projectiles should have a
well-defined mass-to-charge ratio (m/g) and initial
hinctic energy (KE), and with a quantum-mechanical
description which is well established (in other words, a
well-defined potential energy —PE ). These ions are
transported in such a manner as to be incident, at an
angie, 8, on a neutral beam which also ought to be well-
defined in terms of m, KE and PE. A high-vacuum
environment 35 mandatory to ensure that the classical
mean-free path for ion collisions with molecules other
than those present in the target beam is very much
larger than the overall dimensions of the apparatus;
typical base pressures in the 107°-10~7 Torr range are
used.

Ion-neutral interactions will, in general, give rise to a
variety of possible signals which can be detected:
neutral products in excited electronic states, electrons
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with specific energy, E,, photons of energy hv, or
product ions with kinetic cnergy KE | and a modifted
quantal description given by pﬂtennal energy PE,. A
practlcal translational energy spectrometer?, one of four
such in operation today, i1s shown schematically 1n
Figure 2. The product ion signal i1s the parameter that
is monitored 1 this apparatus; it comprnses a high
pressure ion source In which positively or negatively
charged ions can be produced by electron impact under
conditions in which all electronically and vibrationally
excited states are collisionally de-excited very efliciently
within the source region. The ions are extracted out of
the source and accelerated by an electrostatic potential
into a region of cylindrically symmetric electric fields
which help to collimate the beam into a pencil shape.
This spatially well-defined beam 1s then passed first
through a region of crossed electric and magnetic fields
(Wien hlter) where m/q selection occurs, and then
through an electrostatic energy monochromator. The
lon beam emerging from the monochromator possesses
a well-defined spatial geometry, kinetic energy and
potential energy, the latter by virtue of being in the
ground state.

Collisions between the ion beam and the neutral
beam occur in a spatially well-defined field-free region;
both beams are of 1-2 mm cross sectional diameter.
Ions entering the post-collision region are energy
analysed by a second electrostatic analyser and are
detected by a high-gain particle (channel electron)
multiplier. The methodology adopted for different types
of experiments on such an apparatus is as follows.

The TES technique utilizes the fact that collision-
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Figure 2. Translational energy spectrometer developed at TIFR, Bombay (see text for description).
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induced transitions between the various energy levels of
the incident ion and/or the neutral target manifest
themselves as discrete changes in the translational
energy of the incident ion. At keV impact energies, and
small scattering angles, these measured energy changes
can be related to excitation and de-excitation amongst
the low-lying electronic states of the collision partners.
Conversion of the projectile ion’s kinetic energy into
internal {potential) energy in the target, or in the
projectile itself, makes it possible for an entire gamut of
reactions to occur. Amongst the ion-neutral processes
of much contemporary interest are those in which
conversion of kinetic energy into potential energy leads
to:

a) further ionization of singly charged projectile jons,
resulting in formation of doubly charged species which
may be metastable 1o the extent of making possible
their subsequent detection. This process is known as
charge stripping;

b} double ionization of a wncutral target following
capture of two electrons by an incident singly charged
ion. This process is referred to as double electron
capture;

¢) dissociation of metastable doubly charged projectile
molecular ions;

d) collisional excitation and de-¢xcitation of excited
10ns, and

¢} electron capture by multiply charged ions.

Measurement of the fraction of kinetic energy that is
converted 1nto internal energy renders amenable
experimental studies of all the above processes on a
quantitative basis and provides tests for theoretically
derived potential energy surfaces upon which these
reactions occur. In order to provide a flavour of the
type of information than can be accessed by TES, we
present below some sample results which pertain to
classes of molecules which are not readily amenable to
conventional spectroscopic and laser investigations:
multiply charged molecules and radical species. Isolated
multiply charged molecular ions constitute a class of
molecular entity which dissociate much less rapidly
than would be expected from conventional perturbative
single-particle theories of molecular structure. Studies
of such species has developed into a subject of
considerable contemporary interest?. Studies of radical
diatomic and triatomic ions, on the other hand, have
assumed much 1importance in recent years because of
their significance in applied areas such as combustion
chemistry, astrochemistry and materials processing in
the electronics industry.

Some experimental results

Excitation/de-excitation of molecular ions
TES has recently been applied to studies of collisional
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excitation and de-excitation processes in multiply
charged molecular ions'' 2. Consider the following ion-
neutral collisions:

XY "4+ M-XY2 * 4+ M —AE (1)
XY**"*+ M- XY?"+ M+ AE (2)

The first collision is an inelastic process in which the
projectile ion’s tramslational energy is converted into
internal excitation energy of XY?2*, giving rise to an
overall endoergicity (negative value of energy defect).
The second collision, on the other hand, is a
superelastic one in which the internal excitation energy
of the projectile ion, XY**¥ is converted to trans-
lational energy, giving rise to an overall exoergicity
{positive value of energy defect). It is assumed here that
the target M remains a spectator; in practice, us¢ of
rare gas targets 15 an extremely good approximation to
this idealized situation because, for such species,
collisional excitation and iomzation are precluded by
cross sections which are considerably lower than those
for processes involving other species.

Measurement of the overall energy defects for the
above Inelastic collisions enables spectroscopic infor-
mation to be obtained for ionic species which cannot be
readily studied by conventional optical spectroscopic
techniques. Figure 3 shows an example of an ion
translational energy spectrum® of collisional excitation
of NO?* states; the measured spectrum is correlated
with potenfial energy curves of the three lowest states
of NO?* calculated using multiconfiguration self-
consistent-field techniques®. The potential energy curves
show the vertecal energy difference between the minima
of the X2Z* and B?X* states at an internuclear
distance of 1.2 A to be 4.96 V. The curves also show
that the three lowest electronic states are deep enough
to support a number of vibrational Ilevels; the
vibrational spacing for the first six vibrational levels of
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Figure 3. Tramutiongl energy spectrum of eactation of NO**
6 keV collisions with He and assoctated potential encigy curyves
calcilated ustg the MCSCF tevhnigue
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X 2X* has been calculated® to be 0.24 eV, while the
average vibrational spacing for the first five vibrational
levels of B'Z* was found to be 0.16eV. These high-
level calculfations were followed by two high resolution
TES investigations®. In both experiments, the following
scattering processes were i estigated:

NO** +He-NO***+He— AL, (3)
NO?**+He—-»NO?* +He+AE, (4)

NO?** (NO?* *)+ He-sNO?* (NO?** *) +
Me (AE = Q). (5)

In the correlation diagram shown in Figure 3, the
elastically scattered NO?* projectile ion beam coincides
with the zeroth vibrational level of the calculated
NO2*(X2Z*%) ground state. The onset of the first
broad peak confirms the calculated energy for a
Franck—Condon transition from X 2Z*t, v=0 to 4211,
v=0, whereas the sharp cut-off point of the same peak
corresponds to a vertical transition of the dissociative
threshold of the 471l upper electronic state. The
energy of the transition, which is centered at 4.9 eV, and
its unusual sharpness, indicate that the excitation is
between X2 X*, v=0 and B?E*, v=0. This deduction
iIs 1n accord with the shallow potential energy well
calculated for the B2E " state which is not expected to
support more than one bound vibrational level.

A translatioizal energy spectrum for CS$2*-He
collisions at 6 keVY impact energy’ is shown in Figure 4.

1+

CS, ion current

.

-3 -2 -1 O
Energy change (eV)

Figwre 4. Translational energy spectium for CS3*-He collistons at
6 keV impact ¢nergy. {Adapted from ref. 7).
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It illustrates a major advantage TES possesses over
conventional spectroscopic methods in that dipole
forbidden transitions are also accessible using TES. The
dominant inelastic peaks in the spectrum correspond to
a transiational energy change of £0.6 ¢V and represent
excitation and de-excitation transitions between the
A'A, and B'L} states of the dication. Weaker energy
loss peaks at —1.5eV and —2.7eV are due to spin-
forbidden transitions from the ground X2X; state to
the B'X) and C'Z[ states, respectively. The measured
energy changes provide a good test for the theoretical
calculations of excitation energies using large-scale
configuration interaction procedures®. The lowest
energy spin-forbidden transition, predicted by calcula-
tions to be XL > A'A is not observed in the
spectrum, possibly due to inadequate energy resolution
and the proximity of a strong spin-allowed 4B
transition.

Considerably higher values of energy resolution have
recently been achieved; vibrational excitation of CO;
(ref. 9) and fine-structure transitions in rare gas ions’
have been observed in TES experiments,

Electron capture by doubly and triply charged
molecules

An important category of inelastic ion-neutral collisions
is that which jeads to electron capture:

XY2 '+ M-XY "+ M2 AE (6)

where AE represents the overall energy defect for the
process. The energy budget for such processes can be
expressed in terms of AE as

AE=[I1E,(XY)+E_ (XY2*)]

~[IE, (X +Eq (XY *)+IE, (M) +E, (M*))
()

where IE,, IE, represent the single and double
lonization energies, respectively, and E,_. is the
excitation energy pertaining to a specific electronic
state, A small part of the total energy released in the
clectron capture process is carried away by the recoiling
target. However, it is possible to estimate this
component by assuming that there is negligible
scattering in the incoming channel and that only
Coulomb scattering exists in the outgoing channel.
The methodology adopted for measuring AE in TES
experiments is as follows. If V is the energy analyser
voltage at which the elastically scattered XY?2*
projectiles are transmitted, then (2V —~AV) will be the
voltage at which the singly charged electron capture
product, XY ™", will be detected. AV is related to the
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energy defect AE simply by the energy analyser’s
geometrical factor. Experimental determination of AE
also makes it possible to deduce the internal excitation
energies of the projectile and product ions, thus
facilitating quantum-state-diagnosed studies of the
electron capture process’®.

Figure 5 shows a high resolution translational energy
spectrum of CO™ ions formed in electron capture
reactions of CO?* colliding with Ne at a collision
energy of 6 keV (ref. 1) and calculated potential energy
(PE) curves of the three lowest-energy electronic states
of CO* and CO?*. Considering the shapes and
positions of the PE curves it 1s possible to deduce that
if the projectile CO?* ions are produced in the v=4
level of the X1 state (as would be the case for a
vertical transition from the v=0 level of the !Z* state
of neutral CO), then electron capture into the X*Z*
state of CO* will populate a range of vibrational levels
from v=0 to v=10, with largest Franck-Condon
overlaps for the highest vibrational levels. Capture into
the A%IT1 state of CO", on the other hand, will
predominantly populate the v=90 level. The mamfesta-
tion of this in the energy defect spectrum would be a
relatively sharp peak for the latter transition and a
broader, structured one for the former. On the other
hand, f CO?* is formed within the ion source in the
v=0 level of the 'T* state, then capture into the
X?Z* state of CO* will be into a narrower
distribution of vibrational levels (v=3-6, with largest
Franck—Condon factors for the v=4, 5 levels). Capture
into the A*Il state of CO* will again produce a
narrow energy defect peak, with only the v=0 level
being populated. The excellent correlation between the
measured energy spectrum and the expectations from
calculated PE curves lends much credence to the
quantal calculations.
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Dissociation dynamics

Collision-induced dissociation of multiply charged
molecules is an important subset of the overall class of
energy transfer reactions that are readily amenable to
investigation by energy spectrometric methods in which
the momentum or energy distributions of fragment ions
can be monitored. By conducting experiments at
collision energies of a few keV, kinetic energy releases of
a few eV in the centre-of-mass frame become amplified
in the laboratory frame®:2, If E is the kinetic energy of a
projectile homonuclear diatomic molecule and ¢_, is the
kinetic energy released (in the centre-of-mass) upon
dissociation, the measured energy in the laboratory
frame, ¢, can be deduced simply by addition of
collision velocities

By = Ef22(e B}/ te /2. (8)

The amplification of ¢__ in the laboratory frame can bg
demonstrated most easily by considering a typical
kinetic energy release of § eV following dissociation of a
homonuclear diatomic doubly charged molecule. For
an incident molecular ion energy of 3 keV, fragment
ions possessing this value of kinetic energy release will
be detected as two peaks in the translational energy
spectrum centred around 1500 eV energy, each separated
from the other by 490 eV (corresponding to fragment
ions which are forward and backward scattered). This
energy ‘amplification” makes it possible to study
dissociation processes even in instruments possessing
relatively modest energy resolution capabilities. Mea-
surement of ¢, provides a quantitative check on the
shapes of calculated PE curves. Detailed correlations
have recently been made of TES measurements with ab
initio quantal calculations of molecular potential energy
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Figure 5. Potential energy curves of low-lying states of CO* and CO?* and a translational eacrgy spectrum of CO*
producls (in the X?Z %, v=0-7 and A*I1 states) of electron capture by metastuble CO** 10nms colliding at 6 keV with Ne
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functions of several radical sulphur-containing singly
and doubly charged jons of astrophysical and quantum
chemical interest®®.

The energy amphfication referred to above also offers
the possihility of obtaining sub-Doppler resolution
w hich occurs due to the narrowing down of the velocity
distribution of an ton beam when it is accelerated, a
notton known as kinematic compression. If an ion
beam possessing an energy spread given by AE is
extracted from an ijon source and accelerated to an
energy E, the intninsic energy spread is maintained at
AE no matter what the value of E. However, since
E=mr? 2, the velocity spread of the accelerated beam is
substantially reduced from its value prior to acceleration.
For example, if an ion beam with an energy spread of
1eV is accelerated to 3 keV laboratory energy, the
velocity spread in the fast beam corresponds to an ion
temperature of less than 1 K! Such ‘kinematic compre-
ssion’ that TES affords has been utilized to gain
mmformation on molecular dissociation via rotational
resonances in species such as CHZ* and CS™ (ref, 12).
For rotationally hot diatomic molecules, the addition of
the extra centrifugal energy term

Vo (=HJ(J+1)2 ur? ()

to the rotationless ground state potential energy
function gives rise to an effective potential energy curve
with a rotational barrier at large values of internuciear
scparation, r. For a range of values of the rotational
quantum number J, there will exist vibrational levels in
the effective potential energy curve which lie above the
ground state dissociation limit. These Qquasibound
rotational resonance states decay by tunnelling through
the potential barrier, their hifetimes being determined by
the barrier shape and the reduced mass of the
quasibound system®!. Such states are normally inac-
cessible in conventional spectroscopic techmiques but
their studies are of considerable importance in
determining the energy budget in many astrophysical
environments.

Concluding remarks

Translational energy spectrometry is a relative newcomer
in the contemporary arsenal of experimental techniques
used for probing molecular potential epergy functions.
It offers importam advamages of conceptual simplicity
and the access 1t affords to hitherto-difficult-to access
molecular entities. However, practical implementation
is far from straightforward. No commercial instruments
exist for TES studies and considerable in-house
development is mandatory for a useful instrument to
become functional. This latter aspect can be turned to

advantage in terms of the opportunities and challenges
the development of a TES instrument offers to young

researchers.
The best energy resolutiont that has been achieved in

the author’s laboratory is of the order of 500 meV, a
figure which is more than adequate for on-going
experimental studies on spin-selected excitation processes
in ion-molecule collisions!?; in the case of dissociation
studies, effective centre-of-mass energy resolution values
as low as a few tens of meV have been attained!’.
There continues to be scope for further improvement in
these figures. Future incorporation mto TES of tunable
laser beams for state selection of projectile 1ons (or,
indeed, target molecules) holds much promise. Incorpora-
tion of a third energy analyser offers the possibility of

conducting sequential studies of state-selected reactions
on a microscopic level, collision by collision. Efforts in
both these directton are under way in the author's
laboratory.
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