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Abstract
A molecular system is generally viewed as a composite of two sub-systems of electrons and nuclei which are drastically different on the basis of their dynamical time
scales. These two sub-systems, however are coupled by the Coulomb interactions.
The assumptions and approximations based on the inherent differences in the
dynamical properties of the electrons and nuclei are used to construct the picture of
a molecule. The resulting model of the molecular system explain and predict many
molecular processes very successfully. However, there are processes in which their
predictions do fail. Dissociation processes of highly charged molecular systems
provide a unique opportunity to examine and explore their nature in this regard.
Such studies are employed as a probe to investigate the regime and conditions of
the validity of assumptions and approximations that are otherwise remain valid in
the molecular processes.
This thesis is concerned with experimental as well as theoretical investigations to
explore some of the fragmentation properties of the doubly ionized molecular ions
of N2 and CO, which are isolectronic molecules with different symmetries but nearly
identical total ionization cross-sections. By combining ab initio calculations with
the experimental investigation of the kinematics of dissociative double ionization
of these molecules, we have identified various transient states contributing to the
dissociation process. Further we have quantified the BO and non-BO processes
therein. It has emerged as an important result because of the striking differences
between their observed proportions for these dications. The work reported in this
thesis empasize the relevance of such comparative studies.
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Chapter 1
Introduction
1.1

The origin of new physics

Up to the very end of the 19th century, atoms were recognised as tiny indivisible
particles and the building blocks of the matter. Evidently, to make distinction
between different substances, it was hypothesized that there are many types of
atoms and that distinction was based on their masses. All atoms of a given
element was assumed identical in all respect and their relationship with molecules
and compounds was established by the chemical analysis performed by Joseph
Priestly (1733-1804), Antoine Lavoisier (1743-1794), Joseph Louis Proust (17541826), John Dalton (1776-1844), Joseph Gay-Lussac (1778-1850) and many others.
Further, a correspondence between the properties of individual atoms with the
thermodynamic properties of the system was assumed to exist by Amadeo Avogadro
(1776-1856). The size of the atoms could also be comprehended up to this end.
Using the ideas of kinetic theory of gases that was developed by Rudolf Clausius
and James Clerk Maxwell and was finally generalized by Ludwig Boltzmann, the
first estimates for the sizes of atoms and the number of atoms per unit volume was
made by Joesph Loschmidt in 1865. It would be noted that, in fact all the atomic
properties were deduced from the measurement on bulk not on the individual
atomic/molecular systems. On the other hand, the classical mechanics which
was very successful and well established for the classical objects was indisputably
1
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assumed valid for atomic systems.
The idea that atoms are indivisible, indestructible, structureless particles started
to unsettle by the new findings from the precise experimental results. The finding
of resonances in molecular spectra, discovered by Johann Balmer in 1885 in the
spectral "lines" of the Hydrogen, was first to suggest the existence of structure
in the atomic systems. The photoelectric effect, which Heinrich Rudolph Hertz
reported as a phenomenon in which a charged object losses its charge more readily
when illuminated by ultra violet light in 1887 and that was further investigated
by Phillipp Lénárd in 1902 was also found to be unaccountable with the classical
theory. Later, it complemented the quantum theory of atomic structure. The other
notable problems that were not understood by the classical theory are heat capacity
of solids and the black body radiation.
The discovery of electrons by J J Thomson in 1897 as a constituents of atoms
which were also known to be (negative) charged particles followed by the discovery
of nucleus by Rutherford that he showed to be a heavy and tiny positive charged
particle (same kind as of alpha particle that was used in the experiment) changed
the notion of atomic systems. In 1913, Niels Bohr gave a theory of atomic systems
which was competent with the new discoveries of sub atomic particles and the
quantum ideas of Planck and Einstein that they have used in explaining the Black
body radiation, photoelectric effect and Heat capacity of solids in the preceding
years. This establishes the first quantum theory of atoms.
Starting from the Planck hypothesis which was introduced in 1900 by Max
Planck, that used quantization (of the properties of the matter) for the first time,
it took about thirty years to create a new theory of matter, known as quantum
mechanics. The development was guided by many more crucial experimental
findings discovered in the period. Franck-Hertz experiment, Stern-Gerlach experiment, X-ray electron scattering by Compton are a few to name. The hypothesis
of matter waves by De Broglie, exclusion principle to decide the ordering of the
electrons in atoms by Wolfgang Pauli, postulate of the existence of the electron spin
by George Uhlenbeck and Samuel Goudsmit and uncertainty principle by Werner
Heisenberg were the conceptual leaps that were taken and used to construct the
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quantum mechanics. Statistics namely Bose-Einstein and Fermi-Dirac statistics were
developed for the two known kind of quantum systems. Also, Paul Dirac developed
the quantum theory for electromagnetism. In this period, the two formalism named
as matrix and wave formalism for the quantum systems were developed. The wave
formulation of the quantum system was developed by E. Schrödinger in 1926, just
after the development of matrix formulation by three scientists Werner Heisenberg,
Max Born, and Pascal Jordan in 1925. In 1927, Max Born gave the probabilistic
interpretation of the quantum mechanics. The development of quantum mechanics
can be found in [1–4].
The radical shift from the classical theory that realized to be requisite was
the notion of quantization of atomic properties and the inherent uncertainty in
the measurement. In the classical theory, there was no limit on the scale of
measurement. Under this idea, the properties of the classical systems are ideally
deterministic. Also, measurements can be viewed as an act that does not alter
the system’s property. And the modifications introduced by the measurement was
accountable by further means. On the contrary, in the new description of matter,
where the properties are quantized, the limiting scale on the measurement imposed
by the unit of quantization introduces an inherent uncertainty in the observed
properties. This inherent uncertainty in the measurement leads to the probabilistic
description, that also assure it as the best possible description of the system [5].
As a result, in the mathematical formulation of the quantum system, each point
in space is regarded as the variable to the state, unlike in classical theory in which
the state can be completely defined by position and momentum of the particles of
the system. This makes even a single particle system an infinite variable problem.
This inherent nature of the quantum systems imposes an inescapable condition that
the exact solution of the system can not be calculated except for few cases in which
analytical solution is possible. In addition to the inherent limit to get the exact
solutions, as for classical systems, the nature of many-body system generates a
situation in which only numerical solutions are possible. After the basic formulation
of the quantum system, the remaining and vital part was and still does to develop
methods to obtain accurate solutions for the quantum states.

4
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In the probabilistic description, the one most important concern arises that how
a quantum system interact with the other systems and how their properties change
in the process of interaction. For example, it became increasingly interesting to see
the behavior of atomic systems in the ionization processes. The measured quantities
such as the angular distribution of the ejected electrons in the ionization provide
the knowledge of the state which is taking part in the interaction. Measuring such
kinematical properties are used as a way to probe the properties of atomic and
molecular systems in the course of interaction. In addition, it has become intriguing
to investigate the nature of interaction of atoms and molecules in these processes
in smaller length and time scales. The underlying reason is that the theoretical
methods to calculate the quantum states are based on some set of approximations
and the precise experiments guide to achieve better understanding of these systems
by probing the limits of the underlying assumptions and approximations.
In atomic case, since the constituents of the system namely electrons and nuclei
differ in the masses, the approximation of treating nuclei as infinitely heavy objects
is used extensively. Under this approximation, for Hydrogen atom, the simplest
atomic system, the Schrödinger equation can be solved analytically. For any atomic
system bigger than H atom, only numerical solution can be obtained. For heavier
atomic systems, the relativistic contribution would also be taken in to account in
order to achieve accurate results [6, 7].
In case of molecules, the assumption of treating nuclei as infinitely heavy objects
allows to visualize the motion of electrons and nuclei in parts as their dynamical
time scales are very different. The approximation of separating the nuclei and
electronic motions is called BO approximation. It was first introduced by Born
and Oppenheimer in 1927 [8]. It is the very soul of the quantum chemistry and
is extensively used in describing the properties of the molecules and molecular
reactions. In this picture, the nuclei motion is governed by a mean field created
by the electrons of the system. The motion of nuclei is generally visualize on
the function known as potential energy surfaces/curves. The BO approximation
enables to provide a quantum mechanical description of the concepts of molecular
bond, molecular geometry and many other notions which were used to describe the
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chemistry of molecules. The mathematical formulation of the BO approximation
will be discussed in chapter 4. BO approximation has been very successful in
explaining many chemical processes, but also there are many cases where it fails to
explain the observed properties [9–13]. It has been a topic of great interest to investigate such processes. In the last three decades, with the advent of sophisticated
experimental techniques, better knowledge of the evolution of the system opens up
the way to examine the nature of these processes.

1.2

Development of theoretical methods

The first many body quantum mechanical calculation was performed by Hylleraas
on Helium atom in 1928 [14], which became the basis of configuration interaction
(CI) methods. In the same year, a self consistent method for calculating the
electronic states of the atoms and ions was first formulated by Douglas R. Hartree
[15–17]. Later, this method was improved by Vladimir Fock and John Slater to
make it consistent with antisymmetric property of electrons and now is known as
the Hatree-Fock Self Consistent Field (HF-SCF) method. In case of molecules, the
first numerical quantum mechanical calculation was performed by Walter Heitler
and Fritz London on the hydrogen molecule in 1927 [18]. Their method was
generalised by John C. Slater and Linus Pauling in later years and now commonly
known as Valence Bond theory. An alternative method to achieve the approximate
solutions for molecular systems was developed by Friedrich Hund and Robert
S. Mulliken in 1928. In the theory, they introduced the concept of molecular
orbitals. John Lennard-Jones proposed to write the molecular orbitals as the linear
combination of atomic orbitals in 1929. In 1938, the molecular orbitals of H2 were
calculated by Charles Coulson. In 1951, Clemens C.J. Roothaan developed the SCF
Hartree Fock method using LCAO approximation that established the generalized
theory of MO calculation [19]. This also lead to many other ab initio methods in
the following years.
The development of efficient computer technology starting in the 1940s made
feasible to build the sophisticated methods for the calculation of properties of atoms
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and molecules. Many post-HF theories like Multi configuration Self Consistent Field
(MCSCF), Complete Active Space SCF method (CASSCF), Multi Reference Configuration Interaction (MRCI), Coupled Cluster (CC), Moller Plesset Perturbation
theory (MBPT) were developed in the next three decades. Also the time dependent theories that span the molecular dynamics and theories that incorporated
relativistic effects were developed. Many new methods were evolved to issue the
specific problems in the different fields. In 1970-80s, the first computer packages
were build to perform the calculation on various atomic and molecular properties.
Many review articles and books on these methods can be found in the literature
[20–24]. In this work, high precision non-relativistic calculation, specially for small
molecules are of concern. The HF-SCF, MCSCF, CASSCF and MRCI methods, which
we have used in the calculation, will be discussed in brief in the chapter 4.

1.3

Development of experimental methods

Till the mid of 1960s, collisional experiments on the atomic and molecular systems
were concerned about the ionization energies and cross sections [25–27]. The
coincidence experiments were started around 1965. The coincidence measurement
was first implemented in a atomic scattering experiment performed by V. Abrosimov
et. al, they studied Ar+ -Ar collisions at 12 and 50 KeV by this technique [28].
Such experiments were used to measure the inelastic energy loss as a function of
projectile and target deflection angles and initial projectile energy for the different
pair of Ar ions created in the collision [29–31]. The other notable coincidence
measurement was performed by H. Ehrhardt et in 1969 [32]. It was the first
measurement in which the ejected and scattered electrons from the He atom were
detected simultaneously and their correlated angular distribution were recorded.
Such experiments are known as (e,2e) experiments [33]. Many similar coincidence
experiments were designed for multiple ionization processes [34, 35]. These
coincidence measurements emerged to be a remarkable development because it
allowed to observe the correlated kinematics between the fragmented systems after
collision and provided the better picture of atomic and molecular orbitals [33].
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However, in these experiments, the differential energy and angular correlation
between incident and ejected electrons was obtained by using separate detectors.
The complete kinematics was deduced from the observed coincident events by
scanning for all emission angles and energies. Because of this reason, in spite of
their nobility, these experiments were of extremely small detection efficiencies.
At the same time in these experiments, the angular scanning was performed by
rotating the detectors in steps that in turn made them a very time consuming
exercise.
In the study of collisional processes of the molecules, the first coincidence measurement was performed by McCulloh et. al in 1965 [36]. In the following years,
several coincidence measurement methods were evolved to access the different
aspects of the dynamics of the ionization and dissociation of the molecules. These
methods were different from each other by the combination of the ejected particles
measured in coincidence. Photoelectron-photoion coincidence (PEPICO) [37],
photoelectron-photoelectron coincidence (PEPECO) [38] and other experiments
based on e-ion, ion-ion [39] coincidence and electron-ion-ion [40–42] coincidence
were developed. These coincidence measurements facilitated for the first time the
kinematics of different ionization and dissociation channels separately.
In the study of dissociative ionization processes, KER spectra of the dissociation
of molecules were reported [39, 43–46] using electrostatic and TOF methods. For
the first time, the vibrational structure in the KER spectrum of dissociation of
dications could be achieved by DFKER spectroscopy in 1995 [47]. These were the
first experiments in which the various dynamical processes could be identified in
the resulting KER spectrum upon dissociation. However, the major limitation of
these methods was that they measure the kinetic energies of the fragments, not
their momentum.
The first experiment based on the measurement of the momentum of the
fragments was performed by Ullrich in 1987 in atomic collision experiments. The
experiments were performed on the atomic targets (Ne) using high energy heavyion atom projectiles. By measuring the TOF of the ions using a TOF spectrometer,
they deduced the component of the momentum parallel to the spectrometer axis.
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It was used to measure the differential ionization cross section of the target with
respect to the projectile scattering angle [48, 49]. The complete momentum
measurement of the fragmented ions can be traced in the work performed by Ali et.
al. [50] in 1992 and that marked the birth of ion momentum spectroscopy. They
employed a combination of TOF method and the position detection to measure the
energy loss in a collision experiment of 50 KeV Ar15+ on Ar. The TOF and position
information were used to calculate the longitudinal momentum components of the
ions and the energy loss in the collision. They also established the possibility to
extract all the three component of momentum of ions in the work [50, 51].
These Ion momentum spectrometers (IMS) were able to provide the complete
momentum vectors of the recoil ions with a good momentum resolution covering
the almost 4π sr solid angle of the reaction volume [52]. Since each momentum
component of the ions are measured separately, such measurement access the
entire kinematical space of the collision. Consequently, any derivative properties of
the collision can be deduced from the measured parameters.
In the next step, the reaction microscopes [53] were build to measure the
complete momentum vectors of ions and ejected electrons simultaneously in coincidence. The first experiment measuring the complete kinematics of single ionization
of He by impact of Se28+ was reported by Moshammer et. al [54, 55]. Using ion
momentum spectrometer, the complete kinematics of double ionization of Helium
was performed by Bapat et. al and many others [56–58]. These experiments
provided the better angular resolution for the differential collision cross sections
than that was achieved by conventional (e,2e) type experiments.
The use of the ion momentum spectrometer was very soon realized in the study
of molecular reactions [59, 60]. After employing the multi-particle detection, it has
become powerful tool to measure the dissociation dynamics of unstable molecular
systems. The details of an ion momentum spectrometer, especially a recoil ion
momentum spectrometer will be discussed in the chapter 2. The other notable
technique, that are used extensively for studying the molecular reactions is velocity
map imaging (VMI). There are many articles available in the literature on these
techniques [61, 62].
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Motivation of the work

With the advent of the complete kinematic measurement of the products of evolution of the transient state of the atoms/molecules in the collision processes and
possibility to calculate their quantum states with a very high precision, now it has
become possible to understand the dynamical evolution of the system. Ionization
of atomic and molecular systems are one of the much studied processes in this
regard. When an atomic/molecular system interact with some ionizing element
that provides sufficient energy to the system for ionization, ionization takes place.
The angular distribution of the ionized electrons is related with the nature of the
perturbation and the shape of the orbital, and thus become a source to probe the
participating orbitals in the ionization. The ionization of the atomic and molecular
systems has been probed in very small time scales in order to get more detailed nature of the process. With the advent of femto and atto second lasers, the snapshots
of these processes in the real time scale are now possible to observe [63–65].
On the other hand, the nature of dynamical evolution in the dissociation process
is different from the ionization because of the involvement of significant motion of
nuclei. The motion of nuclei and electrons in a molecular system normally follows
dynamics of different time scales because of the large differences in their masses.
The BO approximation which allows to separate the dynamics of electronic and
nuclei motions defines potential functions for the motion of nuclei in the molecular
system. The process of dissociation can be visualized on these potential functions
known which are known as potential energy surfaces/curves (PES/PEC) under BO
approximation. In this picture, the nature of the PEC will decide the evolution of
the transient molecular system that may undergo dissociation. If the PEC is purely
repulsive in nature, the dissociation from such state is inevitable. The other cases in
which, PEC possess a local minima, in the course of evolution, dissociation depends
upon the additional factors. Such PECs support vibrational levels and dissociation
from the vibrational levels depends upon the tunneling life time of the state, which
is given by the tunnelling width and the tunnelling height for the state. In such
cases, it is essential to know the vibrational structure of the PECs in order to know
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their contribution in the dissociation. Under BO approximation since it does not
allow coupling of different states of the system, dissociation can occur from either
a repulsive state or vibrational states having small tunneling life time. These are
called direct dissociation processes. On the other hand non-BO processes which
allow coupling between states may be seen as another source of the dissociation.
It is a matter of great interest to identify these sources of dissociation that in turn
provide the nature of the dynamical evolution. The BO and non-BO mechanisms in
the dissociation can be identified by comparing the experimental kinematics with
the predicted kinematics in the picture of PECs of the dissociation.
In the dissociative ionization process, ionization of the molecule happens by
collision with some ionizing element as a first step. After the formation of ionized
molecular ion which happens in very small time period, dissociation occurs depending upon the nature of the potential curve on which it is created. The study of
dissociative ionization is tractable over dissociation because in general there are
many PECs which are excited in the formation of molecular ion i.e. in the ionization
process. This opens up many possibilities for non-BO dynamics to happen and
become more suitable candidate for such studies. On the other hand, in case of
dissociation of a neutral molecule, normally it happens on the single PEC and the
excited states of the system are in general separated by a large energy and thus are
virtually non-interacting.

1.5

Overview of the thesis

In this thesis, the study on the dissociative ionization of doubly-ionized N2 and
CO are presented. Experiments to observe the kinematics of dissociation have
been performed on these molecules. Recoil ion momentum spectrometer is used to
record the kinematics of dissociation products. We have also performed ab initio
calculation on these molecules. Under BO approximation, the kinematics of the
dissociation have been analyzed and compared with the experimental kinematics.
We identify the BO and non-BO sources in the dissociation of these dications.
We also provide a partial quantification of the BO and non-BO processes in the
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dissociation of these dications by comparing their kinematics. This thesis put a
comprehensive analysis of dissociation of these dications. It presents a more exhaustive and accurate theoretical analysis of the process and also on the experimental
ground, it accounts various corrections in order to get accurate cross sections. The
comparative study that we have performed on the dissociative ionization has been
shown to brought up many features about the nature of dynamics that was not
possible with separate case analysis.
In the second chapter, the experimental method for complete kinematic measurement has been introduced. A brief account of the Recoil Ion Momentum
Spectrometer has been discussed. List mode data acquisition and the multi hit
detection system has also been discussed in the view of capturing the correlated
kinematics of the dissociation ionization. Finally, the calculation of the momentum
vectors of the ions from the observed quantities is derived. A brief account of the
resolution of the RIMS set up is also provided in the end.
The third chapter deals with the derivation of the various kinematical properties
of dissociation from the observed parameters, and is divided in the three major
parts. In the end of the chapter, corrections in the observed kinematics that is
required to account the various losses and instrumental efficiencies are given.
In the fourth chapter, an account of the theoretical picture of the process of
dissociative ionization is given. The various methods that has been used to calculate
the electronic states of the molecule are discussed. Calculation of the vibrational
levels, Franck Condon factors and tunneling life time are also provided.
In the fifth chapter, we discuss the Charge Symmetric Dissociation of dications
of N2 and CO, observed in electron impact collision experiment. A detailed analysis
of their dissociation is given in the chapter.
Chapter six summarizes the work done in the thesis and presents a discussion
on its relevance and future directions.

Chapter 2
Experiment
In this chapter, the experimental techniques for obtaining the complete kinematics
of dissociative ionization are described. In the first section, the general features of a
collision experiment are reviewed. The kinematics of a dissociative ionization in the
context of a collision experiment are discussed in the section 2.2. The experimental
scheme to record the kinematics of dissociative ionization and the component of a
recoil ion momentum spectrometer are described in section 2.3. In the next section,
details of the experimental setup used in this study are provided. In section 2.5,
measurement of the kinematical parameters and the properties of the detectors are
given. Data acquisition system is described in the section 2.6. The derivation of the
momentum vectors from the recorded parameters and the energy and momentum
resolutions of the RIMS are covered in the last two sections.

2.1

Collision processes and measurement of kinematics

Collision processes are used to study the nature of interaction between two separate
systems that are allowed to interact in a certain manner and are generally referred
as projectile and target depending upon the way the collisions are performed in
experiment. In context of atomic and molecular physics, it is generally used to
probe the properties of atomic and molecular systems. In these cases, projectiles
13
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(which is normally electrons, photons and ions) are used as a means of perturbation
to the target atomic or molecular system. In experiments, it is performed by making
the stationary target bombarded with the projectile. Depending upon the strength
of perturbation caused to the atomic and molecular system, different aspects of the
electronic structure such as properties of excited states, ionization, dissociation in
case of molecules of these systems can be studied [61, 66].
To measure the strength of perturbation which is about the energetics involved
in the collision and its effect on the system which is about how system dynamically
evolve afterward, two states namely initial (before collision) and final (after collision) states are defined. In both states the interaction with projectile is zero and
thus their differences are employed to measure the kinematics of the interaction.

2.2

Kinematics of dissociative ionization

In the collision processes which involve break up of the system (viz ionization,
dissociation) into smaller systems, kinematics of the each sub-system created in the
collision is essential to measure. Such measurements are called complete kinematic
measurement and are able to provide the properties of the interaction. The process
of dissociative ionization (DI) involves ionization as well as dissociation of the
molecular system. Since the ionization process is extremely fast as compared to the
dissociation, DI can be viewed as a two step process, in which first the ionization
takes place and then the molecular ion dissociates into its fragments. In order
to get the complete kinematics, it is essential to measure the kinematics of each
fragment created in the process as well as kinematics of the electrons ejected in
the ionization. Because of the large difference in the dynamical time scale of the
processes, the complete kinematics can be divided into two parts; the kinematics
of ionization and of dissociation. Studying these two parts separately provide
almost accurate picture of the DI as far as the difference in their dynamical time
scales is large. In this picture, the kinematics of ionization deals with energy and
momentum sharing of electrons ejected in the ionization process. On the other
hand, kinematics of the fragmented ions provide properties of the dissociation of
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the produced molecular ion in ionization.
To measure the kinematics of DI in a collision event, molecular systems which
are prepared in a certain initial state are allowed to interact with the projectile.
The kinematics of the final state of the system is recorded after the collision. It is
important to mention that the initial and final state of the system must be uniquely
determined in order to derive the kinematics of the process precisely, however this
is an ideal situation and is limited by a number of experimental factors.

2.2.1

Preparation of the initial state

The molecules are prepared in a particular state that defines the initial state of the
system before collision. For the study of dissociative ionization the relevant energy
scale is the vibrational scale (sub-eV energy) of the molecular system and thus
having all the molecules in a single vibrational level is appropriate and essential.
In experiments, before collision, the molecules are normally prepared in the zeroth
vibrational level of their ground electronic state. Since the excited vibrational levels
of the molecules in their ground state are widely separated from the zeroth level,
at any constant low-temperature (∼ 300 K) only the zeroth vibrational level of
the molecule will be populated and thus can be readily taken as initial state of the
system. For instance, in case of N2 molecule, the first vibrational level of the system
will be populated only 1 in ten thousand relative to its zeroth vibrational level
and thus would contribute negligibly small in the kinematics of the dissociative
ionization. Population in other excited vibrational levels of the ground electronic
state would be even smaller and can be safely neglected.

2.2.2

Measurement of the final state

In dissociative ionization, the fragmented partners of the molecular ion gain kinetic
energy from the dissociation. The complete kinematics of dissociation can be probed
by measuring the momentum of each fragmented partner. Since the interaction
between dissociating partners, if they are charged ions is Coulombic, ideally it will
never become zero. But in order to distinguish the dissociation energies arising
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from different vibrational levels and electronic states in the dissociation, a few
ten thousands Å of separation, which is still in atomic scale, between fragmented
partners is sufficient to assume them non-interacting systems. The further evolution
of the system do not change their kinematics. This defines the final state and is
also termed as the asymptotic limit of the system.

2.3

The measurement scheme

In the DI process, the fragmented ions gain kinematic energy in the dissociation.
An ion momentum spectrometer measures the parameters resulted due to the
kinematics of the ions gained in the collision. In order to deduce the kinematics
of the ions from the measured parameters, in the ion momentum spectrometer,
two conditions are employed. The collisions are allowed to happen in a very
small region called interaction region. The volume of the interaction region would
ideally be zero. The other constraint imposed is that all the molecules have zero
kinetic energy before the collision. This assumption ensures that the deduced
kinetic energy is arising entirely from the collision process. The kinematics of the
fragmented ions are obtained by using the recorded parameters under these two
assumptions. On the other hand, in reality, the finite size of the interaction region
and non-zero energy of the molecules before ionization, appear as limit of the
resolution of the spectrometer.
After dissociation, the fragmented partners are allowed to fly some distance,
far greater than their asymptotic limit separation, before they get detected at the
detector. The reason for detecting these fragmented ions at large distances from
the ionization region is to measure their kinematical properties with sufficient
resolution. Consequently, it imposes a strict condition on the design of the ion
momentum spectrometers to transport the fragmented ions from ionization region
to the detector plane preserving their kinematics. This appears as one of the major
challenge in building an ion momentum spectrometer to maintain the homogeneity
of the extraction fields, used for transportation, in the entire space between the
ionization region and the detector. These experimental constraints will be discussed
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in the following sections.

2.3.1

Recoil Ion Momentum Spectrometer

Since the collisions between the molecules and projectiles are generally not directionally constrained, in order to know the angular dependence of the interaction,
it is essential to measure the collision events arising from the entire 4π direction.
Recoil Ion Momentum Spectrometer (RIMS) collects the collision products from
the entire 4π direction by guiding the fragmented ions in one direction. This is
achieved by employing a combination of unidirectional electric fields from the
interaction region up to the detectors. Accordingly, instead of using a 4π detector
it uses a planar detector, placed in the plane perpendicular to the extraction fields.
A schematic diagram of the components of a RIMS is given in the Figure 2.1. RIMS
utilizes the combination of time-of-flight (TOF) technique with position imaging
detection to measure the complete momentum vectors of the fragmented ions
[62, 67, 68]. The TOF of an ion which is defined as the time the ion takes to
reach the detector from the ionization region depends upon its mass to charge
ratio and the longitudinal component of the initial momentum. The TOF measurement provide the identification of the detected ions as well as their longitudinal
components of the momentum. The two transverse components of momentum
are calculated from the position measurement of the ions on the detector plane.
The independent measurement of the quantities (TOF,X,Y) for each ion allows
to calculate the free momentum components (pz ,p x ,p y ) separately and thus any
kinematical parameter can be derived using the recorded data. A review on the
RIMS and other momentum spectrometers can be found in [69–71].

2.4

The experimental set-up

The entire assembly of the RIMS is housed in a stainless steel cylindrical chamber
of diameter 300 mm and height 570 mm. In the ionization plane, it has eight ports
to accommodate electron gun, molecular gas beam, faraday cup and remaining
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ports are provisionary to accommodate other components. The ion and electron
detectors are placed on the either side of the ionization plane. The entire chamber
is vacuum sealed and continuously pumped by a combination of a 520 litre/sec
turbo molecular pump and a dry scroll pump. The working pressure in the entire
experiment is always better than 5×10−8 mbar. The details of the set up can be
found in [72]. The components of the spectrometer are described below.

2.4.1

Interaction region

The well localised interaction region is achieved by allowing the collisions between
projectile and target in a crossed-beam geometry. The molecules are injected in
form of an effusive beam produced by a capillary of inner diameter 0.15 mm
and length 12 mm. For the 0.15 mm diameter capillary, the working gas load
pressure of few mbar of the reservoir would result a molecular beam of knudsen
number equal to about 1, which ensures the thermal equilibrium in the produced
effusive beam. A discussion on the effusion property of a molecular gas beam can
be found in [73]. The electron beam produced by a 200 mm long electrostatic
electron gun are introduced in crossed beam geometry with target beam. The
electron source is a directly heated cathode and it uses Einzel lens and electrostatic
deflectors for focusing and steering the electron beam. The focal length can be
varied over 250−300 mm. The focal spot of the beam is about 0.5−0.8 mm which
in combination with the effusive molecular beam produces an ionization region of
volume 3mm3 . A 80 mm diameter faraday cup biased at +30 V is used to collect
the electrons after ionization region in the opposite side.

2.4.2

Extraction region

A combination of uniform unidirectional electric fields are used to extract the
fragmented ions and electrons in opposite directions. The common axis of the
extraction fields is taken as normal to the interaction plane in which electron beam
and molecular beam lies and it defines the axis of the spectrometer (z-axis in Figure
2.1). The extraction fields are not only meant to collect the collision products from
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Figure 2.1: A schematic diagram of the RIMS is shown. The horizontal dashed line in
between t1 and b1 rings is the collision plane, in which the projectile and the molecular
beams lie and intersect. The ionization region is shown by a dot in the collision plane. The
rings labelled as t6 -b6 are used to create an uniform electric field used for extraction of ions
and electrons.
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the entire 4π region but also to identify the ions by measuring their time-of-flight.
Since the momentum components of the ions are derived from their TOF and
two positions on the detector plane under the assumption that there is no field
present in the transverse direction and the extraction field is radially constant, it is
essential to maintain the homogeneity of the field in the entire region. In RIMS, the
homogeneous field region of 100 mm diameter starting from the electron detector
and extending up to the ion detector, that is sufficient to entirely enclose the ion
detector of diameter 80 mm, is divided into two parts, the acceleration region in
which the electric fields are applied and the drift region which is a field-free region.
Acceleration region is created by using co-axially stacking of 12 thin aluminium
rings. For the drift region, a 100 mm diameter aluminium cylinder is used. Each
ring used in the acceleration region is 2 mm thick having 100 mm inner and 200 mm
outer diameter. They are co-axially stacked, each separated by 20 mm distance and
assemble a 220 mm long cylindrical arrangement for acceleration region. Figure
2.1 shows the details of the arrangement. The horizontal dashed line represents the
ionization plane. Whereas, the dot in the middle of the ionization plane represents
the ionization region. The stacking of the 12 rings are marked by t1 -t6 and b1 -b6
with respect to the ionization plane. The region in between ionization plane and
t6 is used for ion acceleration. Whereas, the region below ionization plane is
used for electron acceleration. The potential divider arrangement is employed for
generating electric field in the region starting from b6 to t6 . The applied potential
is equally distributed across the rings using 100 kΩ resistors of very high tolerance
and low temperature coefficient. The measured values of the applied potentials of
the rings deviate less than 0.05% to their nominal values. The potential applied
across top and bottom rings are such that the interaction plane lies at the zero
potential.
The drift tube, an aluminium cylinder of length 220 mm, placed after the t6 ring
is also at same potential as the t6 . The length of the drift tube is in accordance with
the first order Wiley-McLaren space focusing condition which states that the drift
region length to be twice of the length of the ion acceleration region. The first order
Wiley-McLaren space focusing condition is a geometrical condition to minimise the
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effect of finite size of the ionization volume on the TOF of ions travelling through
the extraction region [74].
The ring b2 (30 mm below the ionization plane), t6 (110 mm above the ionization plane) and the top of the drift tube contain high transmission wire meshes to
improve the homogeneity of the field across the spectrometer. The transmission
coefficient of the wire meshes is 95%. The uniformity of the electric field estimated
by the simulation is better than 1 in 103 .
The extraction field accelerates ions upward and electrons downward, created
in the ionization volume. The field strength used in the study is 60 V/cm, which
is high and lead to poorer resolution, but essential to record the high energy
dissociation products. The resolution of the RIMS and the energy dependent loss
will be discussed in the sections 2.8 and 3.4.1 respectively.

2.5

Detection of the reaction products

In RIMS, for detecting reaction products of collision, microchannel plate (MCP) and
delay line detector are employed. These are charged particles detectors and thus
RIMS is able to capture the kinematics of collisions involving only ionic products.
MCPs are large surface area planer detector and are used to detect electrons and
ions. The delay line detector is used for position measurement of the ions reaching
the MCP employed for ion detection.

2.5.1

Charged particle detector

A MCP is a large surface area planar detector consisting densely packed parallel
arrays of micro-channels of typical size of 10 µm and average separation of 15µm.
The inner wall of the micro-channels are coated with a semiconducting material
which serves as secondary electron multiplier. When a charged particle enters
in one such channel, it causes a secondary electron emission which grows and
accelerated toward the back side by the potential difference maintained between
the ends of the MCP. The tubes of the micro-channels are stacked with very small
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channel wall
output electrons
e

secondary electrons

micro channels
Figure 2.2: A schematic view of the MCP and micro channel is shown. MCP consists of
many micro channels each produces a separate signal and thus is suitable for the position
measurement. In the right side, a charged ion/electron causing the secondary electron
emission in the micro channel is illustrated.

angle (about 8 ◦ ) with the plane of the detector to increase the probability of
multiplication. The typical gain from each channel is about 104 . Normally, a
stacking of two or three MCPs are used to increase the gain and are referred as
Chevron or Z-stack configurations, respectively. The width of a single MCP is about
2 mm with standard available diameters of 40 mm, 80 mm etc. The resulted
electron bunch on the back side of the MCP is collected by an anode and represents
the detection of the charge particle. In the MCP, each micro channel produces a
separate signal which are spatially confined, that makes the MCP appropriate for
the position measurement. A schematic diagram of a MCP and the process of signal
generation from a micro channel are shown in the Figure 2.2. A more detailed
discussion of the properties of MCP can be found in [75].

2.5.2

Position sensitive detector

A delay line anode is used in combination with MCP for position measurement [76].
A delay line is a bare copper wire stretched across on an insulating plate maintaining
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Figure 2.3: A schematic diagram of the side view [left] and top view [right] of the delay
line detector coupled with MCP is shown. In the top view, the ion hit position on the MCP
plate is shown by a dot. The propagation of the x,y signals are shown by arrows near the
ion hit position. The collection of these four signals at the end of the delay lines is also
shown.

a constant separation (which is about 0.5 mm) between the consecutive loops. For
2D position measurement, two crossed-pairs of isolated wires are used. When the
electron shower from the back of the MCP plate falls on the wire at some position,
it causes two image signals that travel to the opposite ends of the delay-line. The
time difference between the signals at the end of the delay line is proportional to
the distance of the electron shower from the mid-point of the delay line. In case of
crossed pair delay lines, their mid-points are kept common and it defines the center
from where position (x,y) of the charged particle is measured. It can be expressed as

x = (t x1 − t x2 )vsi gnal ,

y = (t y1 − t y2 )vsi gnal

(2.1)

Where vsi g nal is the pulse propagation velocity along the delay-line and is almost
equal to the speed of light. On the other hand, sum of the propagation time of the
signals travelling to the opposite ends of the detector will only depend upon the
total length of the delay-line and will be identical for all ions irrespective of their
positions. This condition is used as a consistency check for the genuine signals. A
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schematic diagram of a DLD (delay line detector) coupled with a MCP is shown in
the Figure 2.3.

2.5.3

Electron detector and signal processing

For detection of ejected electrons in the ionization process, 40 mm diameter MCP
is used in Chevron configuration. A schematic diagram of the electrical circuit of
the MCP for the electron detection (e-MCP), generating a signal for the incident
electron is shown in the Figure 2.4. The front of the e-MCP, faces the interaction
region and receives ejected electrons from the ionization region. To generate
the signal corresponding to the incident electron, a constant voltage difference is
applied in between front and back of the MCP. This is achieved by applying +2100
V on the anode that is distributed across the MCP depending upon its internal
resistance and the biasing resistances, the one between anode and MCP back (R b2 )
and the other between MCP front and the ground (R b1 ). The internal resistance
of the MCP is 120 MΩ and biasing resistances R b2 and R b1 are 1 MΩ and 2 MΩ
respectively. The potential on the front and back of the e-MCP can be calculated,
which is 35 V and 2080 V respectively. The signal is extracted through a capacitor
and resistor and is amplified by a preamplifier of gain value 100. The amplified
signal is then fed to a constant fraction discriminator (CFD) and its NIM output is
used as START pulse for the TDC.
The e-MCP is placed 40 mm away from the interaction region (in the middle of
b2 and b3 disks, Figure 2.1). In order to direct the ejected electrons to the e-MCP, a
focusing cylinder which is at ground potential has been used. The reason to place
the e-MCP far from the interaction reason is to avoid the flow of stray ions from
the e-MCP to the ion-MCP facing each other. For the same reason a weak barrier
potential is applied near the e-MCP.

2.5.4

Ion detector and signal processing

Ion detector is a 80 mm Chevron configuration MCP coalesced with a delay-line
detector for position measurement. The assembly has 76 mm active diameter
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Figure 2.4: A schematic diagram of the MCP for electron detection is shown. e, on the
right side represents the incident electron. R b1 and R b2 are the biasing resistances. V is the
applied biasing voltage. The signal is extracted using a RC circuit.

with 250 µm position resolution and 1 ns time resolution. It has been determined
in the previous work on this set up that beyond -3600 V the efficiency of the
detector become no more a function of charge of the incident ions by monitoring
the Ar+ /Ar++ cross section ratio [77]. However, the front of the MCP for the
ion detection (ion-MCP) is kept at -2800 V to keep the background ion counts
small. The energy (charge) and mass dependence of the incident ions on the MCP
efficiency has been studied in the past and will be discussed in the section 3.4.3. We
have found that there would be a small variation in the detector efficiencies for the
various charged species studied in this work. However, we have taken into account
the corresponding efficiencies of the ions while comparing the cross sections of
their different fragmentation channels.
The five signals, one from the MCP and four signals from the delay lines are
separately amplified by preamplifiers and fed to constant fraction discriminator
to generate NIM standard timing pulses. The five NIM outputs are then fed to
multi-channel TDC and it conclude the detection of the incident ion with position
information.
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Figure 2.5: A schematic diagram of the data acquisition of RIMS set up is shown.
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Data acquisition

Measurement of the kinematics of DI in the RIMS set up is based on the coincidence
measurement technique. Occurrence of an event in the RIMS can be defined as
detection of an electron and at least one ion (this is called single-coincidence
measurement, if more than one ions are observed it is called multi-coincidence)
which follow certain timing constraints and collision conditions [78, 79]. Since
the ionization process is extremely rapid and small mass of the electron results
in almost instantaneous detection after ionization, in the data acquisition the
detection of electron is used as a marker of the ionization event. In case of pulsed
ionization, the leading edge of the ionizing source pulses can also be used as a
marker of the event. The details about the detectors, signal processing and data
acquisition can be found in [80].
Data acquisition of the RIMS is based on six timing signals: one from the e-MCP,
one from the ion-MCP and four from the delay-line. The e-MCP signal serves as a
START for every event and trigger five channels of the TDC to resistor delay-line
and ion-MCP signals. The first four channels are stopped by the delay-line signals
and the fifth channel is stopped by the ion-MCP signal. The time window for TDC
up to which the channels are open is 32 µs with 500 ps resolution. After acquiring
an event or after waiting for the maximum limit time window, channel clocks are
reset for the next signal on the e-MCP. The data acquisition sequence is shown in
the Figure 2.5.
RIMS is capable of multi-ion coincidence (up to quadruple-coincidence) which
allows to record the complete correlated kinematics of the fragmentation involving
up to four ionic products. It is achieved by enabling the five channels of the TDC
to record four timing pulses arriving within 32µsec time window. The smallest
time difference between the consecutive pulses to be recorded is 20 ns which is
the dead time of the detectors. The ions detected in the set time window (called
Hits) are termed to be detected in coincidence and are taken to be produced in
the same collision event. This inference of the multi-ion coincidence measurement
is based on the statistical nature of the outcome of the collision. The statistical
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Figure 2.6: A schematic diagram of multi-hit coincidence detection and requirement of
well-spaced events is shown. The typical time difference between two consecutive collision
events is maintained very large (about 100 times) in comparison to the time window used
for multi-hit coincidence (see the text for details).

average time difference between two ionization event is kept very large in the
experiments as compared to the time window set for the coincidence detection
between ions. The experiments are performed at very low count rate ( < 300 Hz),
which translates in average time difference of at least 3 msec between consecutive
ionization event, that is about 100 times larger than the time window set for
coincidence. A schematic of the multi-ion coincidence is shown in Figure 2.6.
The horizontal line represents the time axis. The time window of coincidence
measurement and the average time difference between two ionization event are
also shown.
The digitized outputs from the TDC are stored event by event using a PC
interface written in the MS Visual C++ language. The program is provided by
the detector manufacturers and is called CoboldPC, which stands for " Computer
Based Online-Offline Listmode Data Analyser". The program writes the event into a
list mode by using its DAQ (Data acquisition) module. The DAN (Data analysis)
module of the program is used for analysis of the list mode data after acquisition.
List mode data records the information of each event separately and thus it is very
useful in sorting events on the basis of their recorded information. It allows to
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Event number

Ion1

Ion2

Ion3

Ion4

...

...

...

...

...

101

(t, x, y)101,1

–

–

–

102

(t, x, y)102,1

–

–

–

103

(t, x, y)103,1

(t, x, y)103,2

(t, x, y)103,3

–

104

(t, x, y)104,1

–

–

–

105

(t, x, y)105,1

(t, x, y)105,2

–

–

106

(t, x, y)106,1

(t, x, y)106,2

(t, x, y)106,3

(t, x, y)106,4

107

(t, x, y)107,1

–

–

–

108

(t, x, y)108,1

(t, x, y)108,2

–

–

...

...

...

...

...

Table 2.1: A sample of a list mode file is shown. The TOF and position information of the
fragmented ions observed in coincidence are stored as an event list. Each row represents
one collision event. For any event list, the recorded ions are time ordered (t1 < t2 < t3 <
t4 ) each separated by at least 2 ns, having upper limit 32 µsec on the TOF.

store every collision products that may result in the experiment. After acquisition,
the events of particular interest can be separated and analysed independently. The
event list used in our case contains (x1 ,x2 ,y1 ,y2 ,t) entries obtained from delay-line
anode and electron-ion coincidence for each recorded ion. In fact the program
acquires five timing signals from the corresponding five TDC channels which are
converted to the position and TOF information by using appropriate instrument
dependent conversion factors.
The embryonic data, the triplet (x,y,t) for each ion, is used to identify the ionic
species (using their TOF) and to calculate the ion momentum vectors (p x ,p y ,pz ).
The derivation of the momentum vectors from their position and TOF information
of the ions is discussed in the next section. A sample list mode data file is given in
the table 2.1.
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Building the ion momentum vectors

The momentum vectors of the ions are obtained from three independently measured
quantities, (t,X,Y) in the experiment. The component of momentum along the
spectrometer axis (defined by the unidirectional extraction fields), Pz is obtained
from the observed TOF of the ion. The other two normal components are obtained
from the (X,Y) position measurement.
The TOF of an ion having mass m and charge q depends upon the spectrometer
parameters i.e. field strength and length of the components of the extraction region
and its initial momentum along the spectrometer axis, Pz . Since spectrometer
parameters do not vary in the experiment, their contribution in the TOF for the
ions having same m/q will be equal. On the other hand, ions are not created with
unique momentum because of the thermal spread of the parent gas ensemble and
also because of the energy gained in the fragmentation processes. This cause the
ions having Pz of different magnitude and thus the TOF of the ions differ from
each other. However, the corresponding energies for thermal spread (∼ 0.01 eV) of
the parent gas ensemble and arising from the fragmentation (∼ 10 eV) are much
smaller than the energy the ion gains from the extraction field ( few hundred eV).
As a result, the effect of the ion’s initial momentum, Pz appear as a distribution in
the TOF spectrum around the mean value, which correspond to the TOF of the ions
having Pz =0.
The TOF, t of the ion of mass m and charge q, having initial momentum Pz ,
travelling across the single field extraction region which comprises an acceleration
region of length s, field strength Es and a drift region of length D can be written as-

t = ts + t D
=

−Pz /m +

(2.2)
p

(Pz /m)2 + 2(qEs /m)s
qEs /m

+p

D
(Pz /m)2 + 2(qEs /m)s

Following first order space focusing Wiley-McLaren condition [74] for single
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field configuration, it will be discussed in section 2.8, 2s = D and arranging few
terms in the expression, the TOF can be rewritten as

t=

−Pz /m +

p

2/m(Pz2 /2m + qsEs )
qEs /m

+p

2s
2/m(Pz2 /2m + qsEs )

(2.3)

The expression in the square root in both the term compares the kinetic energy
of the ion corresponding to its initial longitudinal momentum, Pz with the total
kinetic energy the ion gains from the acceleration region. As mentioned before
P2z /2m  qsEs and thus can be ignored to a good approximation. Now t can be

written as

t=

−Pz
qEs

r
+2

m 2s

: Pz2 /2m  qsEs

q Es

(2.4)

The second term in the expression is only dependent on the instrumental
parameters and on mass and charge of the ion. Also it can be seen that t has become
linear with Pz . The second term represents mean value of the TOF distribution, t0 :
TOF of ions having zero Pz .
r
t0 = 2

m 2s
q Es

(2.5)

The longitudinal momentum component Pz is calculated from the expression

Pz = qEs (t − t 0 )

(2.6)

The transverse momentum components P x and P y are calculated from the
position measurements.

Px = m × (x − x 0 )/t

(2.7)

P y = m × ( y − y0 )/t

(2.8)
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Figure 2.7: TOF calibration curve for RIMS obtained with Ar gas is shown. The observed
five Ar ionp
species in a high energy electron impact (1.3 keV) experiment are linear-fitted
with their m/q values. The chi square value for the fit is 0.9999999. The value of slope
and intercept are written in the figure label.

Equation (2.6), (2.7),(2.8) provide the complete momentum vector (P x ,P y ,Pz )
of each detected ion.
It is important to mention that the observed mean TOF, t0 is used to identify the
ionic species. The calibration curve between TOF and m/q, obtained with Ar gas is
shown in the Figure 2.7. The observed five t0 corresponding to five ionic species
of Ar are linear-fitted. The chi square value for the fit is 0.9999999, which shows
p
the linearity of the TOF with m/q and thus the precision and consistency of the
spectrometer parameters in the experiment.
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Resolution of the RIMS

The spatial and thermal spread of the molecular gas ensemble limits the resolution
of the RIMS spectrometer. In order to get the better resolution, the first approach is
to reduce these parameters as much as possible. In the experiment, we have used a
very fine capillary to produce the molecular beam. Also we have employed effusive
gas beam which produces adequately collimated beam maintaining the thermal
equilibrium of the gas ensemble. Further, to minimise the effect of spatial spread
on the TOF of ions, RIMS, which is a single field TOF spectrometer, is configured in
the first order space focusing Wiley-McLaren condition that imposes a geometrical
condition relating the length of the ion-extraction region, s and the length of the
drift region, D (=2s) [74]. For a single field TOF spectrometer, only one such
condition is applicable. In order to achieve higher order focusing, double- tripleextraction fields are used. Further account on the focusing conditions for many
field configurations can be found in [81, 82].
The first order space focusing Wiley-McLaren condition can be obtained by
writing s in the Eq. (2.2) (taking Pz =0) as a sum of two components, s0 which
represents the mean extraction field length and the variation, δs which represents
the spatial spread. Since the spatial spread, δs (∼ 2mm) is very small as compared
to the extraction length s0 (=110mm in RIMS), terms involving s in the Eq. (2.2)
can be expanded in the power of ratio δs/s0 . The Wiley-McLaren condition makes
the first-order term, which is the largest term involving δs of the equation zero and
thus reduces the effect of the spatial spread.
The effect of the employed focusing condition on the resolution can be realised
by the fact that, in a single-field TOF spectrometer maintaining the s and δs, for
s=D, which is not in accordance with focusing condition, the upper limit of the
resolution will be just about 330, whereas in the focusing condition in which the
second order term of δs/s0 will define the resolution, the limiting value will be
about 9860.
We first obtain the momentum resolutions of the ion from the observed spatial and time resolution in the experiment. Momentum resolutions are used to
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Figure 2.8: Transverse (Pz ) and longitudinal momentum distributions (P x and P y ) of
Ar gas obtained with high energy electron impact is shown. The transverse momentum
Pz is derived from the TOF of the ions and having the narrowest distribution among all
the three momentum distributions. The longitudinal momentum components (P x and
P y ) are derived from the position measurement and their wider distributions reflect the
comparatively poor resolution in position. However, the difference between x- and ycomponents is due to the non-spherical interaction volume and spurious signals due to
ionization of residual gas along the track of the projectile.

derive the energy and angular resolutions required for other kinematical properties.
Resolutions corresponding to the three momentum vectors can be written as :

∆Pz = qEs ∆t, ∆Px , y = m × ∆x/t, m × ∆ y/t

(2.9)

The limit on the momentum resolution of the ions are imposed by the time ( δt
= 1 ns) and spatial resolution (∆ x,∆ y = 0.25 mm) of the MCP and delay-line
position sensitive detectors. For Ar+ , when Es = 60 V/cm, the limit of resolution
turns out to be 2.1 a.u. for P x , P y and 0.3 a.u for Pz .
The actual momentum resolution, however depends upon the convolution
of the initial spatial and thermal spread of the molecular gas beam and other
experimental factors like non-uniformity of the field etc. To obtain the resolution
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of the spectrometer, the observed TOF and position distributions are used. For
this purpose, e-impact data of Argon gas (monoatomic, no contribution from the
fragmentation) has been used. The Full Width Half Maximum (FWHM) values of
the TOF and position distributions are used to calculate the momentum resolutions.
The observed FWHM of (t,x,y), ∆t = 21.8 ns , ∆X = 5.1 mm, ∆Y = 5.4 mm
translate into momentum resolutions ∆Pz = 10.3 a.u., ∆P x = 21.6 a.u., ∆P y = 22.8
a.u respectively. The distributions for the components of momentum corresponding
to the observed TOF and position distributions are shown in the Figure 2.8. The
scalar momentum resolution for Ar+ is 33.0 a.u.. For any other ion of mass m, the
momentum resolutions can be obtained by the equation:

∆P[m] x, y,z = ∆P[Ar] x, y,z × (m/Ar)1/2

(2.10)

On the other hand, the energy resolution does not depend upon the mass of
the ions. The kinetic energy resolution of an ion is calculated to be 200 meV. In
case of fragmentation, the resolution will depend on the number of participating
fragments. For instance, for the two body break up process, the resolution for the
kinetic energy release spectrum will be 280 meV which is calculated by assuming
the kinetic energies of the fragments as independent variables. Evidently, for higher
order fragmentation the resolution will decrease further.

Chapter 3
Data Analysis
In the previous chapter, we have seen that the RIMS is capable of identifying
the ions created in the collision events from their mean-TOF, t0 and concurrently
accessing their momentum vectors from their measured TOF and position at the
detector plane (t,X,Y). In addition, multi-hit coincidence technique and collision
conditions to achieve the correlated kinematics between the observed ions have also
been discussed. In this chapter, derivation of the various kinematical properties of
the fragmentation viz. Kinetic energy release, calculation of the life time, geometry
of the transient molecular ion and angular dependence with projectile from the
observed correlated kinematics between ions will be discussed. In the end of this
chapter, various instrumental and statistical factors responsible for biased collection
of the collision events that results in modified kinematical properties will be pointed
out. In addition, the ways to achieve the accurate kinematics of the process will be
discussed.

3.1

Identification of fragmentation pathways

The fragmentation pathways link the fragmented ions observed in coincidence with
the parent transient molecular ion. More precisely, the parent transient molecular
ions are discerned by looking at the fragmented ions observed in coincidence in
experiments. For instance, for a triatomic molecular system ABC, the detection of
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the three ions A+ , B+ and C+ as three-Hits in a same coincidence time-window is
considered as a collision event in which molecule ABC gets triply-ionized and then
ABC+++ completely atomized resulting three ionic products. It can be written as
follows :

ABC + e → ABC +++ + 4e
ABC +++ → A+ , B + , C +

(ionization)
(fragmentation)

(3.1)

There are other fragmentation channels, like shown in Eq. (3.1), which result
only ionic products. In such cases all the ions observed in coincidence will cumulate
the total atomic partners of the molecule and thus the fragmentation pathways can
be easily asserted. Apart from the triple body fragmentation of ABC+++ shown in
Eq. (3.1), there are other two body fragmentation channels in which both partners
are ionic [ (AB++ , C+ ), (AB+ , C++ ) etc] belong in the same category. The complete
kinematics of these channels are accessible as the kinematics of each fragmented
partners can be measured in the experiment.
On the other hand, the fragmentation channels which involve neutral species,
the observed ionic fragments will not add up to all the atomic partners of the
molecule. In such cases, the identification of the fragmentation pathways is no
more straightforward. For example, if (A+ ,B+ ) is observed as an event, it may be
coming from the fragmentation of doubly-ionized ABC which results a neutral C as
the other product. Also, it may be the case where the C ion has not been detected
in the fragmentation of ABC+++ . These possibilities can be sorted out only by using
additional means like by comparing the relative ionization cross sections of double
and triple ionization and accounting the loss processes in the detection of ions and
other statistical factors that might be responsible for suppression of the C ions.
However, for the channels which are identified to involve only one neutral
partner, correlated kinematics between the observed ionic fragments can be used
to achieve the full kinematics of the fragmentation employing momentum conservation rules. On the other hand, fragmentation channels involving more than one
neutral fragments can not be studied kinematically. It will be discussed in the next
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section that in few cases these possibilities can be pinned down by looking at the
correlation maps of the events.

3.2

Coincidence maps

Identification of the fragmentation pathways can be affirmed by looking at the
momentum correlations among the observed ions. The momentum of the fragmented ions that are produced from the same transient molecular ion would share
a correlation following the momentum conservation rules. Momentum correlation
maps are normally used for this purpose, are the two dimensional plots between
the same momentum components of two fragmented ions. The effective way is to
consider the time coincidences of the fragmented ions, which functionally identical
to the correlation maps of their z-momentum components as the TOF of ions are
linearly proportional to their z-momentum component. Since only the correlated
ions would result in some pattern in the time coincidence maps and thus the
presence of such pattern confirms the genuine coincidence events.

3.2.1

Nature of fragmentation

In addition to identifying the fragmentation channels by looking at the time coincidence maps, it has been found by Eland [83] that the nature of fragmentation
can also be probed on the basis of the shape and structure of the islands in the
coincidence maps. For the two body breakup, in the coincidence map of the Hit-1
(ion detected first) and Hit-2 (ion detected after the Hit-1), the ions in coincidence
would appears as a linear strip. A schematic diagram is shown in the Figure 3.1. It
is because for two body fragmentation, both partners acquire the same magnitude
of momentum following the momentum balance for all the three components. Consequently the corresponding change in the TOF of ions occur in same proportion
where the ratio of their charges appear as the slope of the island. It is useful in
identifying the actual ionic species in cases where many having same m/q and thus
equal mean TOF can be viable candidates. In the Figure 3.1, the ion pair making
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Figure 3.1: A schematic of time correlation map is shown. The two islands, island-a and
island-b represent the two distinct pair coincidences. On the correlation map, the extent of
the island shows the maximum kinetic energy release and the slope represents the relative
charge states of the fragmented ions. The lower and upper extent of the TOF of Hit-1 in the
island-a are shown by T L−1 and TU−1 respectively. T0−1 and T0−2 represent the mean TOF
of the first and second Hit ions. The shape and features of the islands are used to reveal
the various aspects of the fragmentation.

the island-b will have equal charges. Whereas, for island-a the ion appearing as
the Hit1 would have smaller charge than its partner ion appearing as Hit2. The
maximum acquired Pz in the process can be obtained from the extent of the island.
It can be used to estimate the maximum kinetic energy released assuming equipartition between all the kinetic energy components in the fragmentation. The width
of the strip represent the convoluted variance of the TOF of the fragmented ions.
For three body (or many body ) fragmentation, the process can be classified as
concerted or sequential on the basis of the nature of fragmentation. In a concerted
breakup all fragments are ejected simultaneously and thus the conservation of
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momentum is described by a single equation relating all the fragments. Whereas
in a sequential breakup, fragmentation takes place in steps and thus the order
of fragmentation will decide the conservation rules relating the fragments in the
momentum equations. The sequential process can be further classified for the
channels involving one neutral fragment as initial charge separation (ICS) and
deferred charge separation (DCS). ICS is the process where the neutral fragment
produces in the last step, where as in DCS the neutral will release in the first
step of fragmentation [84–86]. These classification was first made by Eland based
on the observed shapes of the islands in time coincidence maps. For three body
concerted break up, the islands are either dumbbell or cigar shaped distribution.
For sequential breakups, the coincidence maps can be fitted with lines where their
slope identifies their fragmentation pattern.

3.2.2

Mean life time of the transient molecular ion

Apart form the maximum kinematic energy released, the other important quantity
which can be estimated from the observed time coincidence map is the mean life
time of the transient molecular ion which has been observed for many molecular
ions [87–89]. The characteristic distribution of the prompt fragmentation shows
a single centroid which define the mean TOF, T0 of the fragmented ions in the
correlation maps. Island-a in the Figure 3.1 is an example of the prompt dissociation.
On the contrary metastable transient molecular ions will decay with some delay
in their way to the detector in the extraction region and thus the TOF of the
fragmented ions will alter from their mean TOF. Because of the metastability of
the transient ion, the island corresponding to the prompt fragmentation grows a
tail extending up to the diagonal in the coincidence map as shown in the Figure
3.1 for island-b. The tail is formed due to break up of the transient ion in the
ion-acceleration region. If the transient molecular ions fragment in the ion-drift
region, it forms a V-shape structure as shown in the schematic diagram. The mean
life time τ of the transient molecular ion can be estimated from the fractional
counts in the tail and V-shape structure by using the following expression.
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Where T is the TOF of stable transient molecular ion and f is the transmission
factor of the spectrometer which is better than 90% in our case. Time correlation
maps have been used to calculate the mean-life of transient molecular ions in few
cases [89, 90]. In this work, though, we have not observed any metastability in the
CSD breakup of dications of N2 and CO.

3.2.3

Analysis of the fragmentation channels

The time coincidence maps are used for the analysis of the fragmentation channels
which involve more than one ionic fragments. The fact that the coincidence
maps show only those events which have multiple ion-coincidences prevent the
appearance of the ions that are recorded as single-coincidences (which often the
most abundant outcome in the collision) on the coincidence maps. To analyse the
fragmentation channels, first the sorting of the events from the recorded data is
performed. This is done by defining the selection conditions on the TOF of ions.
Since TOF of the ions have a distribution around their mean TOF value, T0 , the
selection condition can be defined by two TOF values covering the mean. For
instance, the conditions on the TOF for a Tn − Tm coincidence can be written as
Tn = TL−n < T0−n < TU−n and Tm = TL−m < T0−m < TU−m

(3.3)

Where, T0−n and T0−m are the mean T0 of nth and mth ions which are detected
in coincidence. T L−n , TU−n (T L−m , TU−m ) define the lower and upper extent of the
TOF of the nth (mth) fragment. The boundaries defined on the TOF of the ions
are employed to sort the events of the selected channel from the list mode data.
The mean TOF, mass and charge of the identified ions are then used to calculate
(Pz ,P x ,P y ) from the observed (t,X,Y) for the selected fragments.

3.3. FRAGMENTATION

43

PROPERTIES FROM THE COMPLETE KINEMATICS

90

Observed
CE KER

80

Counts [arb. unit]

70
60
50
40
30
20
10

2

4

6

8

10

12

14

16

18

20

22

24

KER [eV]

Figure 3.2: A schematic of observed KER spectrum is shown. A Coulomb explosion KER
is also shown for comparison and to highlight the advantage of the complete kinematic
measurement of the fragmented ions.

3.3

Fragmentation properties from the complete kinematics

More insight about the fragmentation process can be procured from the properties like Kinetic energy release, geometry of transient molecular ion and angular
dependence of the fragmentation. Since these properties uses the complete kinematics of all the fragmented partners, their momentum and energy conservation
establishes a link between the kinematics observed in the asymptotic limit with
the kinematics at the time when fragmentation starts. This makes them very vital
parameters in the study of molecular fragmentation because they provide the initial
state of the transient molecular ions (deduced from the observed kinematics in the
asymptotic limit) which is essential in order to understand the dynamical evolution
of dissociation.
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PROPERTIES FROM THE COMPLETE KINEMATICS

Kinetic Energy Release

When an unstable transient molecular ion is formed in a collision process, to
minimise the total energy of the system, it starts dissociating and releasing the
excess internal energy as the translational energy of the fragments. Kinetic Energy
Release (KER) is the sum of the kinetic energies of all fragmented partners and
thus it tells the energetics of the transient molecular ion when the fragmentation
starts after ionization. It will be discussed in the next chapter how the knowledge
of KER for a fragmentation event identifies the potential energy curve (PEC) on
which the transient molecular ion is formed and evolved.
For two body breakup process, AB++ → A+ , B+ , if PA and PB are the measured

momentum of A+ and B+ respectively, the KER of this event can be written as

KER =

PA2
2mA

+

PB2
2mB

(3.4)

In this case, the center of mass and laboratory frame momentum are taken
identical. The estimated change in the KER for diatomic molecules (N2 or CO)
at room temperature is very small compared to their kinetic energy gain in the
fragmentation.
In the Figure 3.2, a schematic of KER distribution observed from the complete
kinematic measurement is compared with the Coulomb explosion KER for a given
fragmentation channel. Before the advent of the momentum spectroscopy, in fact
the mean KER was used to be estimated from the TOF coincidences [39] under
Coulomb explosion (CE) model for fragmentation. CE model has been used to
compare the observed KER in numerous cases [91–93]. However, mean KER value
corresponding to the CE is a single value parameter for a fragmentation channel
and does not offer any insight about the properties of the transient molecular
ions. In the Figure 3.2, the centroid of the CE KER is shown at 14.4 eV which
is the KER released in a fragmentation of two singly positive charged particles
that were initially 1.0 Å separated. The width of the CE KER peak represents the
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Figure 3.3: Derived geometry of a transient molecular ion is shown. The observed
momentum of the fragmented ions are used to calculate the relative angular configuration
of the transient molecular ion. Geometry of the transient system can be obtained by using
the initial conditions (bond length information).

ground state probability distribution around the equilibrium bond length of the
molecular system. KER distribution obtained from the complete momentum map
shows the KER for each event separately and it thus represent the entire energetics
of the fragmentation channel and thus is able to probe the properties of transient
molecular ion and the nature of dynamical evolution in fragmentation can be
explored with the help of theoretical modelling that will be discussed in the chapter
4. After realising the link of the KER with the electronic properties of transient
molecular ions [94], experiments have been performed on many molecules to
achieve the KER for their fragmentation channels with various projectile sources
[47, 95–97].

3.3.2

Transient molecular ion geometry

Stable as well as unstable multiply charged molecular ions adjust themselves in order to achieve the minimal energy configurations that is normally different from the
neutral parent molecule [98–101]. In many of these cases, more than one geometry
configurations have been observed for a given fragmentation channel. The geometry of the transient molecular ion are estimated using the measured momentum of
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the fragments under the assumption that after ionization the molecular ion first
adopt the new conformation before the fragmentation starts. As a consequence of
near equivalence between the laboratory and center of mass reference frames, the
observed momentum of the ions can be taken as their center of mass momentum.
If the measured momentum vectors of the ions A+ and B+ are PA and PB respectively, the relative angle between the fragment momentum vectors can be written as

αA:B = cos1 [

−
→ −
→
PA . PA

|PA||PB |

]

(3.5)

The above analysis for all the pairs of fragments will provide their relative angular momentum configuration. However, the bond angles of the transient molecular
ion can be obtained from the derived relative angular momentum configuration
by accounting Coulomb repulsion between the fragmented ions. The geometry
of the transient molecular ion is defined using the derived bond angles and the
initial condition of the fragmentation i.e. bond length information. A schematic
diagram is given in the Figure 3.3, showing the estimated geometry of a tri-atomic
molecular ion that was completely atomized resulting three fragments A+ , B+ , C+
of momentum PA,PB ,PC respectively.

3.3.3

Anisotropy measurement

Since RIMS is capable of covering the fragmentation events over the entire 4π
solid angle, as discussed in the section 2.3.1 also it measures all the three free
momentum components separately that provide the momentum vectors for the ions,
the angular distribution of the fragmented ions from the ionization point can be
obtained. In general, the observed angular distribution of ions are isotropic. Since
the initial orientation of the molecules before the interaction with projectile is kept
random, the isotropic distribution suggests that there is no angular dependence
(with some reference axis defined by the projectile) in ionization and fragmentation.
On the other hand, anisotropic distribution of the fragmented ions is a signature
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Figure 3.4: Asymmetry parameter β is plotted for three values; 0,-1,2. β = 0 has no θ

dependence and represents the isotropic distribution. Whereas, β = −1 and 2 represent
the two modes (perpendicular and parallel) of distribution. Any observed distribution of
the fragmented ions fall within β = −1 and β = 2.

of the angular dependence of the interaction Hamiltonian with projectile. The
normalised angular distribution can be represented by the equation

I(θ ) = 1/4π[1 + β P2 (cosθ )]

(3.6)

Where θ is the angle between fragmented ion and the axis defined by the
projectile (the projectile axis in case of charged ions and polarization vector in case
of photons). P2 (cosθ ) is the second Legendre polynomial and β is a parameter that
represent degree of anisotropy (−1 ≤ β ≤ 2). For isotropic distribution β is zero.

Whereas, β = -1 and 2 represent the two different (perpendicular and parallel)
modes of distribution. The β value calculated from the observed distribution
falls within these limiting values. The intensity variation as a function of the θ
for the three values of β, 0,-1, 2 are shown in the Figure 3.4. An account of
the mesaurement of anistropy can be found in [62]. The angular dependence of
the fragmentation has been extensively studied for many molecules with various
projectile sources in the past and has been established as an important aspect of
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the study [102–107].

3.3.4

Branching ratios of the fragmentation channels

Apart from the analysis of the separate fragmentation channels, the relative branching ratios of different channels are another important parameter. The branching
ratios of the fragmentation channels can be estimated from the time-coincidence
maps. However, the raw counts observed in the coincidence maps needs to be
corrected for detector efficiencies and ion losses, that will be discussed in the next
section, to achieve the accurate branching ratios. Since the total ionization cross
section has been well estimated for many molecules with various projectiles over
a wide span of energy [108], it is possible now to investigate how these cross
sections further subdivide for the different fragmentation channels in the course of
dissociation. It is a very crucial aspect of the fragmentation as it helps to recognise
the preferred pathways of the fragmentation for a given transient molecular ion.
In this thesis, there is an attempt to understand the processes that decides the
branching ratios for CSD break up of N2 and CO. It will be discussed in full length
in the chapter 5.

3.4

Corrections in the measured kinematics

In ion momentum spectrometer, the detection of an ion depends upon many instrumental factors and ion specific parameters. It is essential to consider and estimate
the effects of these factors on the ion detection probability. In the case, when the detection probability does not depend upon the energetics of the ions, the corrections
are rather simple and affect only the relative cross sections and branching ratios of
the collision products. The detector efficiency and the transmission efficiencies of
meshes used in the extraction region are such factors and has been studied and
taken care of in cross section measurements. These aspects are discussed in the
section 3.4.3 and 3.4.4.
However, when the transmission and detection probabilities depend on the
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energy of the ions, all the kinematical parameters like KER, angular dependence
etc will be modified. In order to obtain the accurate kinematical information of the
fragmentation, it is essential to quantify these probabilities and make corrections
to the observed kinematics. One such factor arises because of the finite size of the
ion-detector that imposes an upper limit on the ion’s energy beyond which the
transmission of ions depends upon their energetics. In the analysis of CSD channels
of N2 and CO, the transmission loss has been taken in to account and it turns out
to be a significant factor. The transmission loss has been discussed in detail in the
section 3.4.1. The other factor which depends upon the energetics of the ions is
the loss due to dead time of the detectors. It is also taken into consideration and
discussed in the section 3.4.2.
At this point, it is important to mention one more crucial aspect about the
detection efficiencies. Because of the probabilistic nature of the detection, if
the detection probability for an ion is p (< 1), then the double- and triple- ion
coincidence probabilities will be p2 and p3 respectively and so on. As a result
the likelihood to observe a higher order coincidence is always smaller than one
of the lower order. For this reason, apart from the modifications made by their
coincidence probabilities, the observed cross sections of a fragmentation channel
will be further modified because of the inclusion of the events from higher-order
coincidences that are detected being as lower-order coincidence events.

3.4.1

Ion transmission losses

The finite size of the ion-detector imposes an upper limit on the kinetic energy for
complete transmission of ions formed in the ionization region. The transmission
loss turns out to be an energy dependent function and thus the corresponding error
in the observed quantities increases with the energy. The transmission loss for
isotropic and non-isotropic distribution of ions created in the ionization region is
derived in the Appendix A. In the fragmentation process the energy gained by a
fragmented partner depends upon the relative masses of all partners, geometry of
transient molecular ion and nature of the break up pattern. Since the mentioned
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properties of the transient molecular ion and fragmentation are not identical for
all cases, the observed kinematics of the fragmentation channels get distorted
differently.
For two body break up process AB → A + B

(mA ≤ mB ), with K ER = εA + εB ,

the conservation of linear momentum (εA × mA = εB × mB ) implies that the lighter
fragment will always have larger kinetic energy. Consequently the loss factor will
be effectively determined by the loss of lighter fragment and the limiting value of
the kinetic energy up to which there is complete collection will be given by

KERl im = εA⊥lim × (1 + mA/mB )

(3.7)

Where εA⊥l im is the limiting value of kinetic energy up to which there is no
transmission loss. It only depends upon the experimental parameters and thus
same for all ions having same charge. Using the loss factor for an ion for isotropic
distribution, derived in the Appendix A, the loss factor in terms of KER for two-body
fragmentation can be written as

LF (KER) = [1 − KERlim /KER]1/2

(3.8)

Since in a two-body breakup the kinetic energies of the partners are in inverse
proportion of their masses and the loss factor for an ion is a function of its kinetic energy, but independent of its mass, the loss factors at given KER will in
general be different for the two fragments. This characteristic affects the measured
energy-differential and partial cross-sections as well as the branching ratios. More
importantly, corresponding to a given loss energy, the loss angle for the lighter
species is always larger than for the heavier one, many pair coincidences will be
recorded as singles in two-body fragmentation. For many-body fragmentation
having additional complications, multiple fragmentation events will be recorded
as a lower order events than they truly are. This means that in most cases the
measured branching ratio for multiple ion fragmentation will be incorrect.
However, for a pair breakup a reasonable correction can be applied. The limiting
KE value εl im for complete transmission can be obtained analytically or by a particle
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trajectory simulation for the given spectrometer configuration. Thus the loss factor
for that ion as well as for the fragmentation channel can be well accounted and the
correction to the partial cross-section for that species can be readily made.
In the RIMS operated at 60 V/cm extraction field, the limiting value of the
kinetic energy for a singly ionized ion is 4.85 eV, (estimated in the Appendix A).
The transmission loss in the CSD break up of dications of N2 and CO will start at
KER value 9.70 eV and 8.48 eV respectively that can be calculated using Eq. (3.7).
The observed and loss corrected spectra for the CSD break up of N++
are shown
2
in the Figure 3.5. The total cross section after accounting the transmission loss
increases by 30%.
For three-body (in general, many-body) fragmentation, momentum sharing
between fragments depends on the geometry of the transient molecular ion and
the nature of the fragmentation pattern. Since the loss factor for fragmentation
channels is decided by the fragment which gain maximum energy in the break
up (that can not be identified without the knowledge of properties of transient
molecular ion), the loss factor can not be generalised as in case of two-body
fragmentation. However, if the transient molecular geometry and the nature of
fragmentation is known, it is possible to estimate the loss factors for many body
fragmentation.
It can be noted that in case of transmission loss, for the ions having kinetic
energy larger than the limiting value εA⊥lim , the collection of ions has an angular
dependence. This angular dependence is an artifact and its share can not be
separated from the angular distribution caused by anisotropic fragmentation. As a
result, if there are losses in transmission, the value of β, which is the measure of
anisotropy always give the inaccurate conclusion about the nature of interaction.
This point has been addressed by Pandey et. al [109].

3.4.2

Effect of dead time of the detectors in ion-coincidence

Another loss factor which affects the kinematics of the fragmentation channels
comes in due to the deadtime (t d ) of the detector and the signal processing
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electronics. If the two ions in a breakup have nearly equal flight times, then they
may not be detected as separate particles, thereby reducing the apparent (observed)
yield for that channel. The problem is particularly important when the two ions
have the same m/q ratio. The general expression for TOF of an ion can be written
as (similar to the Eq. (2.4) section 2.7)

t=a



m
q

1/2

−

P||

qEs

(3.9)

where Es is the field strength in the extraction region and a is related to other
spectrometer parameters. Since two identical ions (such as N+ , N+ from the
breakup of N2+
) will always have the same magnitude of the momentum, they
2
will be detected as separate only when their parallel components of momentum
satisfy the condition (2P|| /qEs ) > t d . This means that for any value of KER in a

two-body breakup, there will be a loss of detected ion pair coincidences. From this
relationship, we find that for isotropic emission the loss fraction due to deadtime
p
reduces with energy, ε of the ions and being sampled as t d qEs / 8mε. A discussion
on the loss because of the deadtime can be found in Ali et. al. [79].
In RIMS, operating at 60 V cm−1 extraction field and having a 20 ns estimated
deadtime of the detection system, the loss due to deadtime of detection for the N+ ,
p
N+ pair is calculated to be 0.155/ K ER.
In order to highlight the effect of the two losses that affects the kinematics of
the fragmentation channels, namely the transmission loss and dead time loss, the
KER spectrum of fragmentation of N++
into N+ ,N+ is shown in the Figure 3.5. The
2
observed KER spectrum from the RIMS setup is shown by dots. The KER spectrum
is plotted with 300 meV bin size, which represents the energy resolution for the
two-body breakup. The loss corrected KER is shown by vertical lines. Loss because
of finite detector size starts from 9.70 eV in this case and increases with KER as
discussed in the section 3.4.1, whereas loss because of the dead time is significant
only in the lower KER range. The function of loss factors due to incomplete
transmission and finite deadtime are also shown Figure 3.5 in the inset. It is very
interesting to note that a peak appears at 10.5 eV in the corrected spectrum, which
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Figure 3.5: KER distribution for the fragmentation channel N++
2 → N :N is shown. The

observed KER from RIMS setup [72], operated in the condition described in the text, is
shown by dots. The KER distribution corrected for the transmission loss and dead time loss
is shown by vertical lines. Up to 9.70 eV, transmission loss because of finite detector size
is zero, however the dead time loss decreases with KER and thus effective for the lower
KER range. Loss factors due to incomplete transmission and finite deadtime are shown
in the inset. Our spectrum is compared with the Doppler-free measurement of the KER
distribution (DFKER) by Lundqvist et.al under 200 eV electron impact [47] (Reproduced
with permission from Institute of Physics Publishing Limited)

was very weak in the raw spectrum. This is because the loss factor is a very rapid
function of the KER initially. As shown in the Figure A.2, for an increase in KER
by 50% above KERl im , loss increases by 60 %. The peak at 10.5 eV has been
observed in experiments in which transmission losses are negligible. One such
spectrum, DFKER spectrum reported by Lundqvist et al., is shown in the Figure
3.5 [47]. There is one more broad structure in the KER spectrum at 15 eV, which
becomes prominent after applying the corrections. This analysis clearly shows the
importance of loss corrections in obtaining an accurate KER distribution.
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MCP detection efficiency

The upper limit of the detection efficiency of a MCP is defined by a geometrical
parameter called open area ratio (OAR) which is the ratio of active area of all
micro channels with the total face area of the MCP. For ion-MCP used in the
RIMS, it is 0.6. The detection efficiency of the MCP also depend upon the charge
state and mass of the detected ions, angle of incidence, bias voltage and physical
parameters of MCP like micro channel length and diameter, bias angle and material
properties [110]. From the experiments that have been performed to measure the
MCP detection efficiency, it can be learned that the maximum average efficiency
is about 0.5 [111, 112]. In case where absolute cross sections are determined
or the branching ratios of the fragmentation channels are compared, the MCP
detection efficiency probably the most influencing factor to obtain the accurate
results from the observed data. For instance, the detection efficiency of MCP
operated in saturation (or near saturation) gain voltage is about 0.5. As a result,
the pair-coincidence events will be twice as much suppressed than the events of
single coincidence and so on.
In this work, in estimation of the branching ratios of CSD with non dissociated
dications of N2 and CO, the MCP detection efficiency, operated at −2800 V, of each
ion is considered to calculate the accurate cross sections.

3.4.4

Effect of transmission meshes

In the RIMS, transmission meshes are used to create homogeneous field in the
extraction region ( see section 2.4). Because of their finite opaque area they
inevitably affect the transmission of the particles. As a result, it affects the collision
events depending upon the number of products (ions and electrons) that are being
created [113]. In the RIMS, three very high transmission coefficient meshes are
used, two in the ion extraction region and one before the e-MCP. For an event in
which one ion and one electron is created (single ionization), the transmission
probability would be p3 , where p (=0.95, for RIMS) represents the transmission
probability of a single mesh. For an event producing one ion and two electron,
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(double ionization) the transmission probability will be (2 − p)p3 . On the other
hand, for events in which two electrons and two ions are created, (double ionization
and fragmentation) the probability will be (2 − p)p5 . This shows that how the cross

sections of different ionization and fragmentation channels are modified differently.
However, since p is very large, the difference in the transmission probability is about
10 % for double ionization channels without fragmentation and with two-body
fragmentation.

This chapter summarizes the calculation of the various kinematical properties
from the recorded time of flight and position data set of the fragmented ions.
Further, the ways to correct the kinematical parameters from the various detection
inefficiencies and losses are reviewed. The account of the various corrections in
order to achieve the accurate cross sections and KER in case of the dissociative
ionization of the dications of N2 and CO will be seen in the chapter 5.

Chapter 4
Theory
The dynamical evolution of the unstable molecular systems involve the interaction
of its constituent electrons and nuclei that can not be approximated by rudimentary
models like coulomb explosion. The observed kinematical properties of dissociative ionization need comprehensive knowledge of the electronic structure of the
involved molecular systems. On the other hand, calculation of the electronic structure properties of the molecular systems is not an easy task and need a systematic
theoretical formulation. Because of the complexity of the problem, assumptions
and approximations are employed. In the first part of this chapter, section 4.1, the
basic formulation of the electronic structure of the molecular system is discussed.
Also, the set of approximations that are used in the calculation as well as their consequences on the kinematical behaviour of the molecular system are reviewed. In
the next section 4.2, the effect of the perturbation causing the electronic excitations
is discussed. In the same section a discussion is provided on the various processes
of dissociative ionization. Also, the link between the observed kinematics and the
predictions of the theoretical calculation is established. The discussion on these
processes are presented to explain the dissociative ionization of dications of N2 and
CO. In the last section 4.3, a discussion on the theoretical methods, used in the
calculation of molecular properties is provided.
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The molecular system

In the context of ab initio theories, a molecular system can be a viewed as a
quantum mechanical system constituting M nuclei and N electrons interacting via
Coulomb forces

{Z1 , Z2 , Z3 . . . Z M , e1 , e2 , e3 . . . eN }

(4.1)

Where Z 0 s represent nuclei and identify their charges and masses, e’s represent
the electrons. In the ab initio theory, only the fundamental properties of particles
are incorporated in the calculation of the system’s properties. In the equation 4.1,
PM
sum of nuclei positive charges ( A=1 ZA × e) and the negative charges because of
PN
electrons ( i=1 (−e) = −N × e) define the charge state of the molecular system.
For a neutral molecule, the total sum of the charges would be zero.

The complete interaction between nuclei and electrons and their kinetic energies in a molecular system can be expressed by Hamiltonian, Ĥ, written in eq 4.2.
The eigen solutions of the Schrödinger equation for the molecular Hamiltonian
provide the associated eigen wavefunctions, eq 4.3, which are used to derive the
observable properties of the molecular system.

Ĥ = −

N
X
1
i=1

2

∇2i

−

M
X
1
A=1

2MA

∇2A

−

N X
M
X
ZA
i=1 A=1

riA

+

N X
N
X
1
i=1 j>i

ri j

= T̂N (R) + T̂e (r) + V̂eN (r,R) + V̂ee (r) + V̂N N (R)

ĤΦn = En Φn

n = 1, . . . , ∞

+

M X
M
X
ZA ZB
A=1 B>A

RAB
(4.2)

(4.3)

In the equation 4.2, RA/B (A/B=1, 2, . . . M) and ri/ j (i/j=1, 2, . . . N) represent
the coordinates of A/B

th

nuclei and i/j

th

electron. The distance between i

th
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Figure 4.1: A schematic representation of the molecular coordinates is shown. A, B
represent the nuclei and e1 ,e2 are the electrons. Their coordinates with respect to the
origin O is written in the associated curly brackets. The distance between these charge
particles are shown explicitly to highlight their 1/r Coulombic nature of the interaction.

electron and A th nuclei is riA. Similarly, ri j and RAB represent the distances between
i th - j th electrons and A th - Bth nuclei respectively.
The first two terms, T̂N (R) and T̂e (r), involving the Laplacian operators ∇2A and

∇2i are the kinetic energy operators of M nuclei and N electrons respectively. The

third term, V̂eN (r,R), constitutes the sum of all Coulomb attraction between nuclei
and electrons of the system. The fourth and fifth terms, V̂ee (r) and V̂N N (R), account
the total Coulomb repulsion between electrons and nuclei respectively.
The terms of the equation 4.2 are written in atomic units. An account on atomic
units can be found in [23]. In the equation, MA represents the ratio of mass of
nucleus A to the mass of an electron and ZA stands for the atomic number of nucleus
A.
The above equation defines a non-relativistic time independent Hamiltonian
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operator. In this thesis only small molecules constituting low Z- atoms are considered. In addition, the properties of molecules that are central to this thesis do not
involve core electrons only for them the relativistic corrections are significant. For
this reason the non-relativistic theory is considered. Further, the Hamiltonian H
in eq 4.2 does not consist any term involving electron or nuclear spin and thus
its solution does not explicitly deal with any spin dependent energy terms, like
spin-orbit coupling term. However, the spin of the particles are taken into account
in defining the wave function of the molecular system. The energy corrections
because of relativistic effect and spin-orbit coupling are very small as compared
to the Bohr energy (α2 times smaller, where α ∼
= 1/(137.036) is the fine structure
constant) and thus are neglected in the discussion of dissociative ionization. The

relevant energy scale for dissociation of molecules, few 100 meV: vibrational energy
scale, is about 100 times bigger than the fine structure corrections.

4.1.1

Separation of nuclear and electronic motions

The solution of eq 4.3 provides the energy eigen functions and values of the
molecular system. However, the relative dynamical time scales of the electrons and
nuclei are significantly different. In the molecular Coulomb field that is written
as sum of three terms, VeN , Vee and VN N , nuclei move much slower than the
electrons because of the large differences in their masses. As a result, electrons
in a molecular system can be regarded as particles that follow the nuclear motion
adiabatically. These inherent nature of the particles of a molecular system allows
to separate the nuclei and electronic motions. Consequently, at any point of time,
because of adiabatic behaviour of the motion of electrons in the molecular system,
the electronic properties will be completely determined by the present nuclear
conformation. On the other hand, the same reason makes the nuclei to move
in the average potential created by the electrons. These inherent differences in
the dynamics of electrons and nuclei in the molecular system makes the basis of
Born-Oppenheimer approximation [8].
Under BO approximation, the molecular Hamiltonian, eq 4.2 can be divided in
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two parts commonly known as electronic Hamiltonian, Helec and nuclei Hamiltonian
Hnucl . The electronic Hamiltonian Helec can be written as

Ĥel ec = T̂e (r) + V̂eN (r,R) + V̂ee (r)

(4.4)

The Schrödinger equation for Helec provides the eigen wave function, Φelec (r,R),
and values, Eel ec (R), of electronic part of the molecular system.

Ĥel ec Φel ec (r,R) = Eelec (R)Φelec (r,R)

(4.5)

In the eq 4.5 Φel ec (r,R) that describes the motion of the electrons explicitly
depends upon the electronic coordinates but also depends parametrically on the
nuclear coordinates. The nuclear coordinates do not appear explicitly in the Φelec
however, for different nuclear conformation the Φelec varies.
In explaining the nuclei motion, BO approximation ignores the coupling terms
between different electronic states for a given nuclei conformation in the nuclei
Hamiltonian. This is called adiabatic approximation and is justifiable for the
cases where the electronic states are widely separated. On the other hand, for
the cases where the energy separation of electronic states is not large (cases of
degenerate and near-degenerate states), the non-BO dynamics may be observed
[114]. BO approximation also ignores average kinetic energy and velocity terms
of the nuclei calculated in the electronic wave functions basis that involves nuclei
masses. This creates a picture of infinitely heavy nucleus and also makes the
potential function independent of the masses of nuclei. After ignoring these terms,
the nuclei Hamiltonian can be written as

Ĥnucl = T̂N (R) + Eelec (R) + V̂N N (R)
and the Shrödinger equation for nuclei will be

(4.6)
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Ĥnucl Φnucl (R) = EΦnucl (R)

(4.7)

In the equation 4.6, it can be noted that the sum of Eelec (R) and V̂N N (R) acts
as a potential energy for the nuclei and when expressed as a function of nuclei
coordinates R it is termed as Potential Energy Curves/Surfaces on which the motion
of nuclei occur. In equation 4.7, Φnucl (R) depends only upon the nuclei coordinates
and E denotes the total energy of the molecular system under BO approximation
that includes electronic, vibrational, rotational and translational energy. The
further division of nuclei Hamiltonian to separate the vibrational, rotational and
translational energies requires the construction of Eckart vectors and Eckart frames
[115]. However, for diatomic molecules, which is of concern in this thesis, the
separation can be achieved in rather straight forward way. In order to calculate the
vibrational structure for a given potential energy curve of a diatomic molecule, the
Shrödinger equation is

[−

1
2µ

∇2 + U(R)]ξ(R) = E v ξ(R)

(4.8)

In this equation, the first term is the kinetic energy of the particle of reduced
mass µ (= MAMB /(MA+ MB )), and the second term represents the potential energy
function. ξ(R) and E v represent the vibrational wavefunction and energy respectively. The rotational levels associated with vibrational levels can be calculated by
solving the Hamiltonian equation 4.8 with an additional term J(J+1)/2µR2 .
Neglecting the kinetic energy terms of nuclei under the BO approximation in
describing the nuclei Hamiltonian introduces very small error in the energy terms.
The diagonal Born-Oppenheimer correction (DBOC)

∆E DBOC =

M
X
a=1

−

1
2Ma

〈Φelec |∇2a |Φelec 〉

(4.9)

turns out to be of the order of sub meV for the light nuclei and thus can be
safely neglected [116]. However, the non-BO dynamics resulting from the coupling
of PECs can be responsible for very significant changes in the results.
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4.1.2

Electronic structure properties

The electronic properties of a molecular system is obtained by solving the Helec
given in eq 4.4. Under BO approximation, the electronic part of the molecular
system can be viewed as a system of N- electrons in a Coulomb field created by
the ’clamped nuclei’. The motion of each electron is also governed by the Coulomb
interaction with nuclei and other electrons in the system. The wavefunction of
N-electrons is represented in terms of N-single electron states. These single electron
states are known as spin-orbitals χ(x) and can be written as

χi (x) = φi (r)ζ(ω)

(i = 1, . . . , n)

(4.10)

In the eq 4.10, φi (r) represents the spatial orbital of an electron in the ith state
and ζ(ω) represents its spin eigen state. For electron which is a spin half particle,
ζ(ω) have two eigen states namely ’spin up’, |α〉 and ’spin down’, |β〉. Where as,
φi (r) space would ideally form a complete set, which in turn also means n→ ∞, to

describe the motion of electrons in the molecules precisely. Both spatial and spin
orbital spaces are constructed orthonormal that also make the spin-orbital basis an
orthonormal basis set.

〈χi (x)|χ j (x)〉 = δi j

(i/ j = 1, . . . , n)

(4.11)

The indistinguishability and antisymmetric properties of the electrons are taken
into account in defining the N-electron wavefunction, Φelec (r,R) of Helec . It is
normally expressed in terms of Slater determinant and can be compactly written as

1 X
Φel ec (r,R) = p [ (−1) p P̂|χ1 χ2 . . . χN 〉]
!N p

(4.12)

where P̂ represents the permutation operator.
It is important to mention that, however the electronic Hamiltonian does not
include any spin dependent term, the inclusion of spin eigenfunctions in defining
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the spin-orbitals of the Slater determinant makes the eigen solution of the electronic
Hamiltonian a dependent of the spin configuration of the electrons. This is termed
as exchange correlation. The probability density of the electronic wavefunction
contains cross terms between different spin-orbitals that correlates the parallel spin
electrons and thus modifies the electronic properties of the molecular system. Also,
since the Hel ec commutes with the total spin operator Ŝ 2 of the electrons, it is used
to define the electronic states.
Because of the BO approximation and the view that electrons move in the
Coulomb field created by the ’static’ nuclei, the electronic wavefunction inherits
the symmetry of the nuclear conformation. Consequently, the eigen solution of the
electronic Hamiltonian depends upon the symmetry of the Coulomb field.
In case of molecules, because of the absence of spherical symmetry of the
Coulomb potential as it exist in case of atoms, the total angular momentum of the
electrons do not commute with Helec , thus do not contribute in their eigen states.
However, for linear molecules, where there exist an axial symmetry in the Coulomb
field, axial component of momentum does commute and result the different energy
eigen values for states having different axial angular momentum. The total spin of
the electronic wavefunction and the axial momentum component in case of linear
molecules are used in specifying the electronic eigen functions Φelec .
In addition to the axial symmetry, the nuclei conformation of the molecular
system can possess other symmetries. The eigen basis sets of these operators affect
the eigen values of Hel ec and thus are designated in specifying the electronic eigen
functions Φel ec . The symmetry properties of a given conformation of the nuclei is
expressed by point groups which represent the set of all distinct classes of symmetry
operations that are possessed by the nuclei coulomb field of the molecule. The
common classes used to define the symmetries are inversion i, reflections σ v and
σh, proper rotations cn and improper rotations sn . The electronic eigenfunction
must commute with each of these symmetry operations that are present in the
point group. As a result, for a given point group the simultaneous existence of
these symmetries create a restrictive set of eigen values of these symmetries that
an electronic wave function may take. These are called irreducible representations
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and are equal in number of the symmetry classes of the point group. Any electronic
wave function of the Hel ec must follow one of these irreducible representations of
the point group. An account of the group theoretical treatment of the molecular
symmetry and the properties of the electronic wave functions can be found in
[117].
For instance, the linear molecules fall in either C∞v or D∞h point group. The ’∞ ’

in their label represent the existence infinite proper rotations along the molecular
axis; responsible for the conservation of axial momentum. The point group of
linear molecules which have no inversion symmetry is C∞v , whereas molecules
having inversion symmetry fall in D∞h. The C∞v and D∞h point groups are used

for specifying the electronic states of CO and N2 respectively. However methods,
discussed in the section 4.3, that used to calculate the electronic structure are based
on the symmetry adapted linear combinations basis sets for the finite point groups.
The finite point groups C2v and D2h, which are the subset of their corresponding
∞

point groups are used in the calculation. A correspondence which establish

equivalence relations between the irreducible representations of the infinite point
group with their finite subgroup is used to obtain the electronic states of the
molecular system in their infinite point group irreducible representation [118].

4.1.3

Properties of the PECs

As discussed in the previous section, the total spin, axial angular momentum, and
eigen states of symmetry operators are used to define the electronic wavefunction. Under BO approximation, since the coupling between electronic states are
neglected, the symmetry properties of the electronic wavefunction will be same on
the entire potential energy curve. Each of the PECs are designated by a set of values
of the properties discussed that can be written as { |s|, |Lz |, σn , i, . . . }, where σn

represents the planer symmetry and can take one of the two eigen states, symmetric
and antisymmetric, represented by ’+’ and ’-’ respectively. i represents the inversion
symmetry and their two eigen states, even and odd parity are shown by ’g’ and
’u’ respectively. The electronic states are normally written as n2s+1 Λ g/u , where n
+/−

66

4.1. THE

MOLECULAR SYSTEM

represents the nth state in the designated symmetry. For larger molecules, the
Schönflies notations are generally used in defining the electronic eigenfunctions,
potential energy curves and surfaces.
In case of diatomic molecules, the PECs in general can be categorised on the
basis of their nature with respect to the internuclear distance. For polyatomic
molecules where more than one (3M − 5 for linear, otherwise 3M − 6) variables are

involved to define the complete potential function for nuclei, additional parameters
like saddle point etc, are used to describe the nature of the potential surfaces. If
the PEC: V(R) is entirely repulsive possessing no minima, it will not support any
bound state. On the other hand, if the PEC have some minima, it will support
the bound states and the solution of eq 4.8 will provide the discrete eigen energy
states associated with the PEC. These are the vibrational states of the PEC because
they manifest the nuclei motion in the molecular system. In case of dissociation
ionization of diactions of N2 and CO, as it will be discussed in section 5.3, there
are few low-lying states which support vibrational structure. It is thus neccessary
to know the properties of the vibrational states that are crucial in the dissociative
ionization processes. In the section 4.1.4, the relevant properties of vibrational
states are discussed.
The one other important aspect of the PECs for the diatomic molecules is that
the PECs of same symmetry, in general, do not intersect. This is called NeumannWigner non-crossing rule [119]. It is based on the fact that the PEC: V(R) as
function of only one variable R does not allow eigenfunctions of same symmetry
to have same value eigen value at a given R[120]. However, accidental crossing
may occur. On the other hand, non crossing rule does not impose any restriction
for the PECs of different symmetry. Non-crossing rule also establishes that the
molecular orbitals (MOs) of diatomic molecules of same symmetry can not cross
on the MO correlation diagram. MO correlation diagram relates the MO with AOs
and are very useful in identifying the symmetry relations and their energy ordering.
It is important to mention that BO approximation ignores the coupling between
different PECs and at the crossing points of the PECs, non-BO dynamics may occur.
It will be seen in the Chapter 5, the signature of non-BO processes because of
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PEC [V(R)]
Ev
ψv

Energy
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Eh(R)
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Figure 4.2: A schematic diagram of a PEC[V(R)] supporting the vibrational structures are
shown. A set of vibrational states associated with the PEC is shown by continuous lines
near the energy axis. The vibrational wave functions for three levels v0 ,vi ,v j are shown at
their reference energies. The parameters; tunneling width Ew and tunneling barrier height
Eh(R) that decide the probability of tunneling from a vibrational level are shown for vi .
The vertical shaded region centered at the zeroth vibrational level v0 represents the FC
region (for details see the text).

coupling of the PECs at the crossing are found in the dissociative ionization of the
dications of N2 and CO.

4.1.4

Vibrational structures of the PECs

In the vicinity of the minimum on the PEC, at R = R0 in the Figure 4.2, the nature of
the curve can be approximated by a Harmonic oscillator that gives the approximate
wavefunction and energy of the associated vibrational states {ψ v,n , E v,n : n = 0. . . ∞
}. However, the nature of the PECs can not be accounted by this approximation

because PECs have finite dissociation energy which Harmonic oscillator model does
not predict. Further, unlike the Harmonic oscillator potentials, the PECs are not
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symmetrical with respect to the R0 . The PECs in general grow very steep for R <
R0 and reach to the asymptotic limit energy rather gradually in the region R > R0 .
Many other analytical functions viz. Morse potential, Lennard-Jones potential are
used as an approximation of the PECs. On the other hand, eq 4.8 can be solved
for the PECs using numerical methods. A set of vibrational levels associated with
the PEC are shown as continuous lines near the energy axis in the Figure 4.2.
v0 represents the zeroth vibrational level. It should be noted that the difference
between vibrational energies decreases for higher vibrational states. Also, for
higher vibrational states the wave function gets distorted more and consequently
their probability density increases for larger R (see nature of ψ v j in comparison of
ψ v0 and ψ vi in the Figure 4.2).
The other crucial aspect of the vibrational states associated with the PECs
of the molecules is that they may have finite tunneling life time for dissociation
(though it may be very large in some cases and can be considered infinite for any
practical purpose). For a given PECs, the associated vibrational states that have
very large tunneling life time will be considered as stable (mostly the levels in the
vicinity of the PEC minima). On the other hand, vibrational states having small
tunnelling life time will dissociate (top-most levels). This is the reason that makes it
extremely important to calculate the properties of the vibrational states in the study
of dissociative ionization. The energy of the vibrational states, their tunneling life
time, width of the states are calculated using WKB approximation. In the classically
allowed region (E v > V(R)) on the PEC, the solution of the eq 4.8 will be
Z r


C
i
∼
ψ v (R) = p
ex p ±
p(r)d r
ħ
h
p(R)
where p(R) is

p

: E > V (R)

(4.13)

2µ[E − V (R)]. For the region, (E v < V(R)) outside the classical

range, the WKB solution will be

Z r


A
1
∼
ψ v (R) = p
ex p ±
|p(r)|d r
ħ
h
|p(R)|

: E < V (R)

(4.14)
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In equation 4.13 and 4.14, C and A are normalization constants. It can be
seen that the vibrational wavefunctions depend upon the nature of PECs in the
entire range of R. In addition, properties like the tunneling life time are extremely
sensitive to the nature of the PEC because of exponential dependence on the
tunneling width, Ew and height, Eh(R) and thus very precise calculation of the PEC
is prerequisite. The tunneling transmission probability in this case is



T∼
= ex p −

2
ħ
h

Z

Ew

|p b (r)|d r



(4.15)

In the eq 4.15, p b (r) uses the information of the barrier heights in the tunneling
range, (E v < V(R)). In the section 4.3.6, calculation details are given.

4.2

Dissociative ionization processes in molecules

As discussed in the section 4.1.1, the general conception that the electronic motions
are much faster than the motion of nuclei in the molecular system based on the large
differences in their masses but comparable interaction via coulomb forces forms
the basis of BO approximation and consequently allow to understand separately
the dynamics electronic and nuclei motions. In a collision process involving various
excitations, it sets the order for the processes in general. Electronic excitation
and rearrangement is the first to happen as an effect of any perturbation to the
molecular system. This establishes two very crucial concepts in understanding the
kinematics resulting from the processes involving electronic excitation, the first is
the vertical transition and the other is the notion of Franck Condon region [121].
Vertical excitation is the manifestation of the dynamical time scale differences of
the electronic and nuclei motion on the potential energy diagram. It suggests that
the excitation in the molecular system would be vertical displaying the change in
the energy but no change in the molecular conformation. In the Figure 4.2, the
vertical excitation is shown by the shaded region around R0 . Since the electronic
excitation is vertical on the potential energy diagram, the probability distribution
of the initial state gets mapped on the excited states. This is represented by the
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Franck Condon region, showing the extent of the probability distribution of the
initial state. In the Figure 4.2, the width of the shaded region shows the probability
distribution of the zeroth vibrational state. It plays a crucial role in the kinematics
resulting from the various excited states. Their importance will be emphasised in
the discussion of the Figure 4.3 in concern of the KER obtained from the excited
PECs.
As introduced in the section 1.4, in the dissociative ionization process, the
ionization and dissociation of the molecular system occur upon the collision with
some ionizing element. Ionization of the molecular system mark the formation
of the molecular ion. The further evolution of the molecular ion depends upon
its dynamical evolution that can be completely understood on the PECs in the
BO picture. The molecular ion may remain as stable system or dissociate into its
fragments. The dissociation of the molecular ion can be categorised into two classes
namely direct processes and indirect processes. These categories are based on the
underlying nature of interaction that govern the dynamics of the molecular ion
after ionization.

4.2.1

Direct processes of dissociation

When the dynamical evolution of the molecular ion occurs on a single PEC, leading
to dissociation, it is termed as direct process. Evidently such processes follows the
adiabatic assumption employed in the BO approximation that ignores the coupling
of the PECs. Direct dissociation can be observed from the repulsive PECs as well
as PECs having local minima. The formation of molecular ions on an entirely
repulsive PEC, such as in PEC-a; Figure 4.3, inevitably result in dissociation. The
KER from such curves will have modal value equal to the difference of the potential
energy at R = R0 and R = ∞ (asymptotic limit). The distribution in the KER is the

manifestation of the probability distribution of the initial state mapped on the PEC.
It is clear that the more steep PEC in the vicinity R0 will produce the more broad
KER distribution [width of the KER-a]. In chapter 5, KER distributions resulting
from the many low-lying repulsive states of N++
and CO++ are shown by Gaussian
2
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Energy
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Internuclear distance
Figure 4.3: A schematic of the KER resulting from the direct dissociation from a repulsive
PEC-a and via tunnelling from the vibrational levels of a PEC supporting minima, PEC-b
are shown. In the PEC-b, two representative vibrational levels are shown to highlight two
classes, namely dissociating and non-dissociating vibrational levels via tunneling. However,
the lines in the KER-b are arising from the separate dissociating vibrational levels. The
vertical shaded region represent the FC region. The height of the lines in the KER-b
represent the FC factor of the dissociating vibrational levels. KER-a represents the KER
distribution arising from PEC-a.

distributions in the upper panel of the Figure 5.8 and 5.9 respectively.
The direct dissociation can also occur from the PECs supporting vibrational
structures via tunnelling. As discussed in the section 4.1.4 the tunneling life time
of the vibrational state will decide weather the molecular ion will be observed
as a stable system or will dissociate into its fragments. The KER energy for the
vibrational level is the difference in the energy of the vibrational state PEC-b: E v
and the energy of the asymptotic limit of the PEC. The relative excitation in the
vibrational levels that eventually observed as intensity of their KER peak and is
given by the Franck Condon (FC) factor. FC factor is proportional to the overlap
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integral of the initial state, ψ0 of the molecule with the final state, ψ v ”. It is
calculated assuming the vertical transition and can be written as

0

F C(v , v”) =

Z

ψ0v ψ v ”d r

(4.16)

In the Figure 4.3, the height of the KER peak resulting from the vibrational
states represent their FC factors [KER-b]. In chapter 5, the contributions from
the decaying vibrational states of N++
and CO++ are shown by vertical bars in the
2
Figure 5.8 and 5.9 respectively.

4.2.2

Indirect processes of dissociation

Indirect dissociation processes of molecular system involve coupling of PECs in
the course of dissociation and thus are signature of the non-BO dynamics. The
two major indirect processes that can be observed in the dissociative ionization
are autoionization and predissociation. These processes are discussed in the view
of exploring the nature of non-BO dynamics in many cases [122, 123]. In this
section these processes are explained for the dissociation of dications of diatomic
molecular ion (say AB++ ).
In the predissociation, because of the coupling of the PECs, transition from
one PEC to the other opens up the possibility of dissociation from the "stable"
vibrational levels that are otherwise can not decay. The process of predissociation
can be understood using Figure 4.4. The two PECs, PEC-p and PEC-q are shown
with their asymptotic limit energies E p and Eq respectively. The predissociation
can also happen between two repulsive or two states having a local minima. For
the PEC-q, the bound state region have two parts. Up to E v1 , the vibrational states
are stable against tunneling. On the other hand, only the vibrational levels lying
in the energy region E v2 will dissociate. The coupling with PEC-p provides a way
other than tunneling for dissociation of the "stable" vibrational levels (levels in
the E v1 region). As a result of predissociation, the vibrational levels of the PEC-q
acquire finite life time for dissociation. The signature of these vibration levels that
dissociate via PEC-p will emerge in the KER spectrum of the dissociation. The KER
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Figure 4.4: A schematic of the predissociation of the vibrational states of PEC-q via a
repulsive PEC, PEC-p is shown. E v1 and E v2 represent the energy range for the stable and
dissociating vibrational levels via tunneling. E p and Eq are the asymptotic limits of PEC-p
and PEC-q respectively. Ec is the vibrational level for which the crossing between the PECs
will be most effective.

value of these states will appear with a shift in energy equal to the difference in the
asymptotic limits E p - Eq .
Predissociation occurs efficiently at the crossing of the PECs. This is because
of the fact that the motion of nuclei, because of their large masses on the PECs is
quasi-classical. For such systems, the transition probability (from one state to other)
is chiefly determined by the point at which the transition could occur classically.
The condition for classically possible transition for a diatomic molecular system
assuming the conservation of total energy and angular momentum is satisfied at
the crossing point of the PECs ( in Figure 4.4 PEC-p(r) = PEC-q(r) that can be
rewritten in terms of the relative position and the linear momentum of nuclei of the
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diatomic molecule as r p = rq , p p = pq ). This relation is in accord with the Franck
Condon principle, which allows the change in the electronic configuration for the
transition from the one PEC to the other while preserving the distance between
nuclei and their relative momentum constant.
The requirement that there should be an intersection of the PECs means that
predissociation can occur only in states of the different symmetry (non-crossing
rule). In addition, there are constraints based on the symmetry properties of
the electronic terms that control the transition probabilities. For any transition
between electronic terms, total angular momentum and inversion symmetry must
be conserved. Also, the transition is possible between PECs for which ∆S and ∆Λ
change by 0, ± 1.

Autoionization process occurs because of the coupling of PECs of different

ionised state of the molecular system. As a result, it involves ionization of the
molecular system at the point of transition. In context of dissociative ionization of
doubly ionized molecular ions AB++ , autoionization happens from the highly excited states of singly ionized ions AB+∗ . The highly excited singly ionized molecular
ions are often repulsive and after formation of molecular ion, it starts dissociating.
The coupling of such states with the PECs of dications in the course of dissociation
result in autoionization. The process of autoionization is generally understood
by viewing the autoionization state of AB+∗ as a compound state of an ionic core
AB++ and a weakly bound electron by its Coulomb field. In such systems, when the
internal energy of the ionic core happens to be greater than the binding energy of
the excited electron, autoionization may occur [124]. To explain such transitions,
the non-adiabatic terms of the exact Schrödinger equation for the motion of nuclei
(that are ignored in the Eq 4.6) must be considered. They are used as a coupling
terms between the core vibrations and the states of the excited electron.
It is important to mention here that the autoionization rate increases for heteronuclear diatomic molecules because of the non-zero interaction of excited
electron with vibrating dipole of the core. On the other hand, for homonuclear
molecule, the transition governing the autoionization arises from the interaction of
the excited electron with the vibrating quadrupole of the core [125].
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The signatures of these non-BO processes are seen in the kinematics of the
dissociative ionization of the molecules. In chapter 5, these indirect processes are
identified in the dissociation channels of the dications of N2 and CO.

4.3

Methods of calculation

In the first part of this section, a discussion on the methods to calculate the Φelec for
a given Hel ec is provided. The eigen equation given in the eq 4.5 has infinite eigen
solutions that represent the electronic states of the molecular system {M,N} for a
certain conformation {R}. The functional form of the Φelec is the Slater determinant
and has been considered in the section 4.1.2. The methods discussed in this section
are based on the linear variation procedure to obtain the electronic wavefunction.
Numerically, the method of linear variation iteratively improves upon the trial
wavefunction of the system and procure the best possible electronic wavefunction
for the system which is called the self consistent field solution. These methods are
different from each other on the basis of the size and the way their wavefunction
spaces are defined. In the section 4.3.3, the need for very accurate calculation is
highlighted. In the last section, a brief discussion on the methods to calculate the
electronic energy and the vibrational energies, their life time and Franck Condon
factors is provided.

4.3.1

Linear variational procedure

The complete set of eigen solutions of the Hamiltonian Helec can be written as (this
equation is identical to the eq 4.5, except the (r,R) dependence is dropped from
the expression of electronic eigenfunction and eigen energy)

where

Ĥel ec |Φ◦α 〉 = Eα◦ |Φ◦α 〉

α = 0, 1, . . . , ∞

E0◦ ≤ E1◦ ≤ E2◦ ≤ . . . Eα◦ ≤ . . .

(4.17)
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Th eigen (exact) solutions {|Φ◦α 〉} are orthonormal and form a complete set.

Since, the exact functional form of {|Φ◦α 〉} are not known, only the approximate
solutions of the eq 4.17 can be found.

The premise of linear variation method in order to find the solution of the eq
4.17 is the fundamental property that any function can be expressed in terms of
the linear combination of the basis functions of a complete set. Ideally, any known
complete orthonormal basis set, say {|Ψk 〉; k = 0, . . . ∞} in the same Hilbert space
of Hel ec can be used to express the eigen solutions, |Φ◦α 〉. The general form of the
linear expansion in terms of {|Ψk 〉} can be written as

|Φ̃α 〉 =

K
X
k=1

cαk |Ψk 〉

(4.18)

Where {|Ψk 〉; k = 0, . . . K} is a known orthonormal and normalised basis set.

When K → ∞, the set of basis function forms a complete set. In order to achieve
the explicit form of |Φ̃α 〉, {cαk } are obtained by minimising the expectation value
〈Φ̃α |Ĥel ec |Φ̃α 〉. The procedure uses the variation principle which assures that the
expectation value of Hel ec in the approximated electronic states |Φ̃α 〉 will always be

the upper bound of the eigenvalues of Helec . After performing linear variation, we
find K solutions which can be written as follows

Hcα = Ẽα cα
E0◦ ≤ E˜0 , E1◦ ≤ E˜1 , E2◦ ≤ E˜2 , . . . , Eα◦ ≤ E˜α

(4.19)

In the above equation, H represents a square matrix of dimension K × K where

its ij th element is 〈Ψi |Ĥel ec |Ψ j 〉. cα represents a column vector with elements cαi ;
PK
i = 1, K and equivalent to |Φ̃α 〉 = k=1 cαk |Ψk 〉. E˜α are the K eigen solutions of
the equation 4.19. In the limits when K → ∞, the {|Φ̃α 〉} will become the exact
solution of the Hel ec and E˜α will become equal to the Eα◦ . It is important to mention
that the linear variational procedure constrain the calculated {|Φ̃k 〉} basis set to be
normalised and orthonormal (as the primary basis set {|Ψk 〉} are).
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Since only a finite basis set (K 6= ∞) can be used, it introduces an error in the

calculated properties of the electronic Hamiltonian. The accuracy of the calculation
can be always improved by using the bigger basis sets. In addition, accuracy of the
calculation also depends crucially on the way the primary basis set is build. This
point will be clear in the next section in the discussion of basis sets.

4.3.2

Building the N-electron basis functions for SCF method

The simplest N-electron wavefunction is the the Slater determinant, eq 4.12, which
satisfies the antisymmetric properties and constituted by the N single-electron
orbitals. For a given Slater determinant |Ψ0 〉 = |χ1 χ2 χ3 . . . χN 〉, the variation of
the molecular orbitals χi ; i = 1, . . . N in order to minimise the expectation value of
〈Ψ0 |H el ec |Ψ0 〉 will result in what is known as Hartree-Fock equation.
f i |χi 〉 = ei |χi 〉

; i = 1, . . . , N

(4.20)

The equation 4.20 is a canonical form of the Hartee-Fock equation. In the above
equation f i is an effective one-electron operator and is termed as Fock operator.
The set of ei s represent the orbital energies of the electronic Hamiltonian, Helec .
The Fock operator can be written as

fi = −

1
2

∇2i

−

M
X
ZA
A=1

riA

+ v H F (i)

(4.21)

In the above equation, the first and second term in the Fock operator, h(1), are
kinetic and potential operators of the single electron in the coulomb field of the
nuclei of the molecular system. It is normally called the bare nuclei Hamiltonian.
The Fock operator includes the sum of the two terms namely exchange and coulomb
integral which depends upon the spin orbitals of the other electrons and is collectively written as v H F (i) in eq 4.21. These terms make the Hartree-Fock equation
non-linear and thus it must be solved iteratively. The procedure for solving the
Hartree-Fock equation is called the self-consistent-field (SCF) method. In the SCF
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method, a trial wavefunction constituting N spin-orbitals are first used to calculate
the effective potential v H F (i). This potential is further used to calculate the new N
molecular orbitals that are variationally better solution of the Helec . The iteration
continues until a self consistent solution is achieved.
In order to introduce the variationally appropriate molecular orbitals, the spatial
molecular orbitals can be written as sum of atomic orbitals.

Ψi =

K
X

Cµi Φµ

µ = 1, 2, . . . K

(4.22)

µ=1

In the above equation, the spatial molecular orbital Ψi are created orthonormal.
With this condition we will have K such orbitals. The solution of the Hartree-Fock
equation,eq 4.20, can be given as

FC = SC"

(4.23)

The equation 4.23 is known as Roothaan equation. In the equation F, the Fock
matrix, is a K × K Hermitian matrix with elements Fµν = 〈Φµ | f (1)|Φν 〉. S, the
overlap matrix with elements Sµν = 〈Φµ |Φν 〉 is a square matrix of dimension K. "

is a K × K diagonal matrix and their diagonal elements represent the molecular
orbital energies. C is a K × K matrix and provide coefficients of expansion for the

K molecular orbitals. The Roothaan equation provides K(µ = 1, . . . K) molecular

orbitals {Cµi ; i = 1, . . . K} and their energies "µ (µ = 1, . . . K). When K is equal to

N, the molecular basis set is called minimal basis set. However, when K → ∞ the
{Ψi } will form a complete set.

Using the orbital energies "i s, the molecular spin orbitals {χi }s can be arranged

in the order of increasing energy. The determinant formed by the N lowest energy
molecular orbitals provides the ground state Hartree-Fock wave function, |Ψ0 〉

(will be discussed in the next section). There are many other N-electron Slater
determinant that can be formed employing the various combination of spin orbitals
from the {χi } space. These Slater determinants can be expressed in reference to
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the Hartree-Fock determinant, Ψ0 . The exact wave function for any state of the
N-electron system can be written as

|Φ〉 = c0 |Ψ0 〉 +

X
ra

car |Ψar 〉 +

X
a<b,r<s

rs
rs
cab
|Ψab
〉+

X
a<b<c,r<s<t

rst
rst
cabc
|Ψabc
〉 + . . . (4.24)

In the above equation, a, b, c . . . represent the N lowest energy molecular orbitals and are commonly known as occupied orbitals. r, s, t . . . represent molecular
orbitals of energy greater than any of the N occupied orbitals, and are termed as
rs
rst
unoccupied orbitals. |Ψar 〉, |Ψab
〉 and |Ψabc
〉 represent the single-, double-, triple-

excited configurations respectively. The set of infinite N-electron determinants
{|Ψ0 〉} = {|Ψar 〉, |Ψarsb 〉, |Ψarstbc 〉, . . . } in the K → ∞ forms a complete set.

4.3.3

Hartree-Fock SCF method

In the Hartree-Fock method, the N-electron wavefunctions are represented by single
Slater determinants. The best variational energy for the ground state, E0 of the
system of Hamiltonian Hel ec , will arise from the Slater determinant formed by N
lowest occupied orbitals.

E0 =

X
1X
〈a|h|a〉 +
[aa|bb] − [ab|ba]
2 ab
a

(4.25)

In the eq 4.25, the first term represents the sum of the expectation energy of the
h(1) in the occupied orbitals. The second and third terms are the two-electron terms
and are known as coulomb and exchange integrals respectively. The derivation and
discussion on the HF theory can be found in [23].
It is important to mention that in the limit K → ∞, the Hartree-Fock energies

will reach its minimum. This is called Hartree-Fock limit. However, since the

single determinants do not represent the exact eigenstates of N-electron system,
even if the single electron basis set is taken from a complete set, the HartreeFock energies will not be the eigen energies of Helec and will appear as the upper
limit. The difference between the Hartree-Fock limit and the eigen energy of the
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Hamiltonian is normally termed as the correlation energy. The correlation energies
are recovered using the methods, known as post HF methods, that employ the
multi-determinantal N-electron wave functions. The post-HF theories, CI, MCSCF
and CASSCF and MRCI theories that has been used in the work will be accounted
in the section 4.3.5.
Using a large basis set, the Hartree-Fock model can yield energies that are
greater than the exact values only by 0.5%. But the energies involved in the
molecular processes (bond breaking, bond rearrangement, dissociation) are very
small fraction of the total energy. For instance, in case of N2 (or CO) molecule,
the bond energies are of the order of 0.2%, which is too small to be accounted by
the HF theory. In addition, the HF method does not describe the behaviour of the
dissociation correctly except for the closed-shell systems. In order to understand
the kinematics of the dissociative ionization of even the simple diatomic molecules,
one needs to invoke the post-HF methods in the calculation. A good account on the
comparison of the various computation methods on the basis of their predictions of
the chemical behaviour in molecular processes can be found in [126, 127].

4.3.4

Configuration interaction SCF methods

As mentioned in the section 4.3.2, the solution of Roothaan equation in the limit
K → ∞ generates a complete set of one-electron function space {χi }. The Slater

determinants formed by the {χi } create a complete space for the N-electron wave
function. In the equation 4.24, the expansion of any N-electron wavefunction

is expressed as linear combination of the Slater determinants. Configuration
Interaction method is a linear variational method that optimises the coefficients
of the determinants (CSFs) of the expansion to achieve the minimum total energy
of Hel ec . Since, computationally only the finite one-electron basis set can be used,
for a basis set of dimension 2K, the number of possible N-electron determinants
2K 
is N . The variational optimization of the expansion created by all the CSFs is
known as full CI. The error introduced because of the expansion of the electronic
wave function in the finite N-basis is known as finite basis set approximation.
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However, even for small systems and minimal basis set the number of determinants in the N-electron basis is extremely large. As a result it becomes
computationally impractical to embrace the full CI. The truncated CI are used
in the calculation to achieve the reasonable accurate results with the realizable
computational expense. The selection of the determinants from the full CI is done
on the basis of the properties of the electronic state. For example, in the calculation
of ground state wavefunction, the single excitations are neglected as a consequence
of Brillouin’s theorem [23]. Also the fact that no coupling term arises between
the determinants different by two spin orbitals is used extensively in selecting the
proper determinants in the calculation of states. On the other hand, the rejected
determinants contribute to the electronic states indirectly by interacting with the
determinants included in the expansion, but they offer negligible improvement in
the properties of the electronic state.
Using the Brillouin’s theorem and ignoring the indirect mixing of the triple and
higher excitations in the calculation of the CI ground state, the correlation energy
Ecor r which is a measure of the improvement upon the Hartree-Fock energy can be
written as (in the intermediate normalised CI)

Ecor r =

X
a<b,r<s

rs
cab
〈Ψ0 |H elec |Ψ0 〉

(4.26)

The full CI and the other CI methods recover almost the entire correlation
energy and thus are able to capture the features of the molecular processes in
dissociation. For instance, in case of H2 , using a considerably large basis set and the
full CI/ DCI recovers 80% of the total correlation energy [Kolos and Wolneiwicz].
In case of N2 , SDCI calculation of the ionization potential of the two outer most
occupied orbitals, 3σ g and 1πu using a very large Slater-type function (6s,4p,3d,2f)
result in significantly accurate values that differ only in meV with experimental
results. More accurate results have been obtained using more accurate basis sets.
In this work correlation consistent atomic basis sets developed by Dunning and
coworkers are used [128]. Also, in the calculation instead of using the separate
determinants, linear combination of determinants known as symmetric-adopted
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configurations are used, which are the eigen functions of the total spin operator
of the electronic state. This reduces the size of the expansion quite extensively by
removing the determinants of different total spin.
However, in order to achieve accurate results, CI calculations typically use 103
to 108 CSFs for small molecules. For large molecules, one needs to include even
more CSFs. The resulting computational costs emerge as the limitation of the full
or truncated CI methods in the calculation of the molecular properties.

4.3.5

MCSCF, CASSCF and MRCI methods

In the full and truncated CI methods, the linear variation is performed only of the
determinantal coefficients of the CSFs that are created from the molecular orbitals
of the Roothaan equations. In the Multi Configuration SCF (MCSCF) method,
both the determinantal coefficients, c I , as well as the expansion coefficients of
the orbitals {χi }s are variationally optimized simultaneously [129]. The MCSCF

wavefunction can be written as, where |Ψ I 〉s are the CSFs.
|Ψ M C SC F 〉 =

X
I

c I |Ψ I 〉

(4.27)

In this method, the orthogonality condition between CSFs are maintained during the optimization by means of exponential transformations [130]. Efficient
quadratically convergent Newton-Raphson type procedures are employed to determine the optimum values of the variational coefficients [131]. In the MCSCF
calculations, because of the larger variational space, the computational effort is
relatively huge. At the same time, development of the efficient methods have
allowed to use the MCSCF calculations. M W. Schmidt and M S. Gordon provide a
good review on the MCSCF method and its interpretation [21].
The most efficient MCSCF method is the complete active space SCF (CASSCF)
method, developed by Ruedenberg and Sundbarg [132, 133]. CASSCF classifies the
orbitals in two classes, inactive and active orbitals. The inactive orbitals are always
doubly occupied in all the CSFs. Normally, the core orbitals of the participating
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nuclei are taken as inactive. The reason is the insignificant variation in these orbitals
because of the other nuclei and electrons. Consequently, they do not contribute
in the molecular processes unless it is a core-specific phenomenon. The relative
improvement in the total electronic wave function property is negligible if they are
also considered active. In the multi-determinantal theories, the active orbitals are
further seen in two parts, namely valence and external (virtual) orbitals. Valence
orbitals are those which are occupied in the reference function, whereas external
orbitals represent the unoccupied excited orbitals. The core and valence orbitals are
jointly referred as internal orbitals. Using CASSCF spaces, which include only CSFs
that involves only active orbitals, reduce the computational cost very effectively.
The further improvement in the electronic structure can be achieved using the
Multi Reference CI (MRCI) method which uses a combination of the MCSCF and CI.
The MRCI method uses the CSFs of the CASSCF space to write a linear expansion
for the variation. The variational optimization of the coefficient of the reference
function provide the MRCI solution. Because of the complexity and computational
cost, MRCI uses only single and double excitations relative to the CASSCF reference
function [134]. This is normally referred as MRCI-SD. A MRCI-SD wavefunction
can be written as

|Ψ M RC I 〉 =|Ψ0 〉 +

X
I

d I |Ψ I 〉 +

XX
S

a

dSa |ΨSa 〉 +

XX
P

ab

d Pab |Ψab
〉
P

(4.28)

where
|Ψ0 〉 =

X

re f

ak Ψk

(4.29)

k

is the reference state function which is composed of many CSFs using the optimized
〉 represent the internally
CASSCF/MCSCF coefficients ak . |Ψ I 〉, |ΨSa 〉 and |Ψab
P
excited, singly excited and doubly excited configurations respectively. The ds
represent their variational coefficients.
The MRCI method results almost accurate result as one will achieve from
the CI methods using a large atomic basis set. The reason for achieving highly
precise results from the MRCI-SD calculations is that it effectively includes the
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most important CSFs up to quadruple excitations. For example, for 10-electron
system, MRCI-SD using correlation consistent basis set recovers almost 97% of the
total correlation energy. Whereas, CI-SD would give about 90-95 % of the basis set
correlation energy. In the CI methods, only when triple and quadruple excitations
are included will provide up to 99% of the correlation energy [135].

4.3.6

Calculation performed

In this work, the CASSCF and MRCI methods are used to calculate the electronic
states of the molecular systems in question. The calculations are performed using
Molpro program [136] package at the level of cc-pV5Z correlation consistent atomic
basis sets. A brief information of these basis sets can be found in [137]. Molpro uses
CASSCF by specifying the core and valence orbitals. It uses quadratically convergent
MCSCF method for the optimization of the state [130, 138–140]. The CASSCF
function is used as a reference function for MRCI calculation. The implemented
method for MRCI calculation is internally contracted multiconfiguration-reference
configuration interaction method, developed by Werner and Knowles [141]. The
MRCI-SD program uses the contraction for the doubly excitation, whereas, internal
and single external configurations will be usual uncontracted orthogonal eigen
functions. The performed calculation involve about 2000 CSFs in CASSCF and
MRCI calculation in case of diatomic molecules (for N2 and CO). In context of the
accuracy of the calculation, the total ground state energies of N2 , 1 Σ+g and CO,
1

Σ+ are −109.398 and −113.181 H, which differs only 0.070 − 0.075% from the

most accurate calculations of the ground states available for these molecules [using
CCSD(T) method at the level of FULL/cc-pCVTZ] [142].
The vibrational structure of the PECs are calculated using the LEVEL program
[143]. It solves the radial one dimensional Schrödinger equation 4.8 for the
nuclear motion using the calculated PECs. The resulting solutions represent the
vibrational and rotational structure of the molecular system. However, we have
only computed the vibrational structure of the PECs. The vibrational states and its
properties like tunneling life time, associated width etc are calculated using the
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WKB approximation, discussed in the section 4.1.4. The FC factor of the vibrational
states are also calculated using the zeroth vibrational state of the ground state of
the molecules as reference. Using the calculated PECs, the zero point energy for
11 Σ+g ; v=0 level of N2 , is calculated to be 1172.9 cm−1 , whereas for the ground
state of CO, 11 Σ+ ; v=0, it is 1079.06 cm−1. These values are only 1.0-5.0 cm−1
different from the other accurate calculations reported in the literature [142].

Chapter 5
Results
This chapter contains the results of a comparative study of the features in dissociative ionization of the dications of N2 and CO. In the first section 5.1, in order
to highlight the motivation of such comparative study, the similarities and differences in the static electronic properties of these diatomic molecules are examined.
In section 5.2, the experimental results for these molecules obtained in a high
energy electron impact collision are discussed. The effect of considering various
transmission losses to calculate the accurate KER spectrum and double ionization
cross sections from the observed kinematics are also discussed. Calculation of the
PECs, asymptotic limits of the dissociation and the vibrational structures of these
dications are provided in the next section 5.3. On the basis of the computed KER
from the PECs of these dications, identification of the KER features is discussed
in the section 5.4. The participation of the indirect processes like auto-ionization
and predissociation in the dissociative ionization is observed. The comparison of
the partial cross sections of the direct and indirect processes that are involved in
the dissociative ionization of these dications is given in the section 5.5. This is
done by defining a new parameter, the ratio of the cross-section of charge symmetric dissociative ionization to non-dissociative ionization (CSD-to-ND ratio). The
scope of such comparison of the cross section ratios is justified on the basis of the
similarities in their static electronic properties, double ionization cross sections
and calculated Franck Condon factors of the stable vibrational levels for their
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(1πu ) and CO:11 Σ+ (1π) are shown to illustrate their symmetries. In case of CO molecule,
the inversion symmetry with respect to the center of mass of the molecule is not present,
however N2 MOs do possess inversion symmetry. The isovalue contours are plotted for the
range of 0.02 − 0.2 in the molecular plane. The upper half represent the ’+’ and the lower
half represent the ’-’ part of the MOs.

doubly-ionized PECs. In the last section, results are concluded in the context of the
relevance to quantify the various contributions of the BO and non-BO processes in
the dissociative ionization of these dications.

5.1

The basis of a comparative study

N2 and CO are iso-electronic molecular systems each having 14 electrons in their
neutral state. Because of the similarity in the electronic properties, CO is normally
categorized as near-homonuclear molecule. The total energy of the N2 and CO in
their ground state is −109.398 and −113.181 H respectively, which is a difference

of only about 3%. The Coulomb repulsion term between the nuclei of the CO at
the equilibrium internuclear distance, R0 = 1.13 Å in its ground state is only about
4.75% smaller than for the N2 in its equilibrium configuration, R0 = 1.10 Å. The
electronic configuration and the molecular orbitals for these molecules are also
very similar with the notable difference of the inversion symmetry. The two valence
orbitals of the N2 and CO are given in the Figure 5.1 for comparison.
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Figure 5.1: The contour plots of the highest occupied MOs of the ground state of N2 :11 Σ+g
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In context of electronic excitation, the similarities extend to their ionization
properties also. For example, the first ionization cross section, calculated with BEB
model of N2 and CO differ by less than 1% for electron impact in the energy range
250-2000 eV [108]. Their ionization potentials are also very similar. In addition,
the FC region which controls the excitation probabilities for the ionized molecular
states are also nearly equal (see Figure 5.6 and Figure 5.7). Since the dissociative
ionization process can be seen as a two step process of ionization followed by
dissociation, the above arguments suggest that they can be compared separately
for these dications. The similarities in the parent molecular systems as well as in
their ionization properties assure that the transient molecular ions of N2 and CO
would be akin to each other. The further evolution of the transient molecular ion is
governed by the nature of their PECs and will decide the final state of the system.
In this work, the comparative study is performed on the dissociation aspect of these
dications. At this point, in order to examine the nature of the transient molecular
ions, two categories can be addressed to compare; the one in which molecular ions
remain stable after ionization and the other in which it dissociate. A comparative
study on the basis of these two categories can be used to understand the nature of
the dynamical evolution of the molecular ions of N2 and CO.
Most molecular ions with charge higher than two, due to strong Coulomb
repulsion between the nuclei, generally possess purely repulsive potential energy
surfaces with little structure. As a result, such ions are generally unstable and
dissociate quickly into two or more fragment ions [95]. For such highly ionized
molecular ions, because of the dominant involvement of purely repulsive curves,
the simple coulomb explosion models are often able to produce a convincing picture
of the evolution during the dissociation of the molecular ion.
On the other hand, the PES of singly and doubly ionized molecules exhibit
interesting features arising due to competition between bonding and repulsive
forces. In addition to purely repulsive states, there are several states having a
minimum followed by a potential barrier connected to a dissociation asymptote
which generally lies below the minimum. This leads to meta-stable vibrational states
whose life-time is governed by tunneling through the potential barrier. Dications
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are of special interest as they contain relatively smaller number of electronic states
which support vibrational structure and hence are better candidates for probing
various dissociation processes.
The dications of N2 and CO formed by charged particle collision or photoabsorption have been studied extensively with a view to understand the dynamics and
evolution of multiply-charged molecular ions employing a variety of experimental
methods [47, 91, 95–97, 144–149]. Their electron-spectra has also been analysed
extensively to probe the properties of vibrational states [150–153]. The life time
of the dications has also been studied in great detail and it is known that these
dications have states with life times ranging from a few nano-seconds up to several
seconds[87, 88, 154]. Also several investigations have shown the significance of
indirect processes in dissociation of these dications [155–158].
In general, when a dication dissociates it may undergo either charge symmetric
dissociation (CSD) in which the net positive charge on the molecular ion is equally
shared by fragments, or charge asymmetric dissociation (CAD) in which charge
sharing is unequal. The CSD and CAD of N++
and CO++ has been analyzed in many
2
experiments. CSD is the energetically favored channel for these dications. This is
because of the fact that the second ionization potential is much larger than the first
one for all the dissociation fragment atoms. As a result, CSD is easily accessed in
experiments and has been extensively discussed.
In the past, KER spectra of CSD of N++
and CO++ have been recorded experi2
mentally with sufficient accuracy, resolving the contribution from many vibrational
levels of low-lying states [47, 145]. There are many theoretical works involving
computation of PECs of these dications [96, 144, 146, 159–163] to explain the
experimental observations of different types of experiments, and some of the features in KER spectrum have been discussed in these studies [47, 96, 97]. Given the
previously outlined similarities, it would be interesting to compare the kinematics
of the dissociative ionization of these dications that has not been performed before.
Comparative study on these molecular ions is performed by analysing their
CSD-KER spectrum. The analysis of the KER spectrum provides the identification
of the different dissociation mechanisms in these cases. It is important to mention
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that the identification of the features in the KER spectrum is solely based on the
calculated energetics from the various dissociation pathways. Up till now, in the
study of the dissociative ionization there is no way to distinguish the contribution
arising from the two (or many) probable candidates that result in the similar
energetics (i.e. KER). The comparative studies between similar molecular ions,
however, enable further quantification of the underlying sources of dissociation
without having unique identification of the observed features.

5.2

The experimental results

The experiments on the N2 and CO were performed on the RIMS set up, described
in the Chapter 2. In this section, the observed TOF distributions of the product ions,
time correlation maps of the fragments and the KER spectrum of the CSD break up
of the dications N++
and CO++ is discussed.
2

5.2.1

The TOF spectrum

First-Hit TOF spectrum of N2 and CO observed in a high energy electron impact
collision experiment are shown in Figure 5.2. The TOF spectrum of CO is shown
with a vertical shift of 25 unit with respect to the base line of N2 TOF spectrum.
Both spectra are normalized to the peak value of their singly-ionized molecular
ion species. In both spectrum the identical m/q species can be easily noticed; one
at 6.57 µs mean TOF where the singly ionized parent ions of N2 and CO appear,
the other appear around 4.63 µs due to their doubly ionized stable molecular
ions. The first hit TOF spectrum shows the ions that reach the detector first after
their production in the ionization region. As a result, all dications which have not
dissociated within the flight time will contribute to the first hit TOF spectrum along
with the lightest of the fragment ions formed by dissociation. Since N2 and CO have
nearly equal masses and consequently their singly- and doubly- ionized molecular
ion peaks appear at nearly the same TOF, it is essential to ensure that there is no
cross-contamination across the two experimental runs. By allowing a few days
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Figure 5.2: First-Hit ToF spectrum of N2 and CO, observed in a high energy electron

impact collision experiment is shown. The ToF spectrum of CO is shown with a vertical shift
of 25 unit with respect to the base line of N2 ToF spectrum. Both spectra are normalized to
the peak value of their singly-ionized molecular ion species. The identical m/q species in
both spectrum can be easily observed.

of pumping out time between runs, cross-contamination was nearly eliminated.
This can be confirmed by examining the peak shape of the N++
and CO++ . The
2
range that covers the fragmentation of doubly ionized molecular ions are shown
in Figure 5.3. It can be observed that the CO++ peak is very sharp, whereas N2
contamination would have broadened the peak to the shape of N+ . Further in case
of N2 spectrum, there is no peak around the positions where C+ and O+ would
appear. The estimated contamination error is less than 1% for both spectra.
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Figure 5.3: Partial first hit ToF spectra of N2 and CO, covering the range of doubly ionized

molecular ions and the ions arising from their dissociation. Spectra are normalized to make
++
the non-dissociated doubly-ionized molecular ion counts (of N++
) equal. The
2 and CO
broken line (dots) is the cumulative fit using multiple Gaussian functions, as described in
the text. It overlaps almost entirely with the raw data. The long dashed line shows peak of
the undissociated dication derived from the fit.

5.2.2

The T1-T2 correlation maps

The time correlation maps between Hit1 and Hit2 of the CSD breakup of N++
and
2
CO++ are shown in the Figure 5.4. In the T1–T2 correlation map of CO++ , C+ ions
appear as Hit1 and O+ appear as Hit2 with the centroid at (C+ :4.3 µs,O+ :4.95µs)
of the island. For N2 , since fragmented ions are identical, their mean-TOF is same.
Consequently, the z- momentum component of these ions will create the difference
in their TOF values and decides which ion has larger TOF than the other and thus
their appearance as Hit1 or Hit2. The additional effect in the correlation map of
the N++
can be observed due to the identical mean-TOF of the fragmented ions is
2
that the total extent of the island in the T1-T2 correlation map gets folded in half
because of the nature of the plot where T1 ≤ T2 prevents the correlated events to
appear in the lower diagonal.

As it has been discussed in the section 3.2 that the intensity of the island relates
to the propensity of dissociation and the extent of the island reflects the distribution
of the component of momentum of the ions along the spectrometer axis. (The
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Figure 5.4: ToF Hit1–Hit2 correlation maps of the CSD channels N++
2 → N :N and CO

→ C+ :O+ . The intensity in the correlation maps are normalized to the respective counts of
undissociated doubly-ionized molecular ions. The colour (intensity) scale is common to the
two maps.

other components of momentum would be similarly distributed in the case of
isotropic emission, and would show up in the x, y image on the detector.) In Figure
5.4, the correlation maps are normalized to the counts under the peaks of the
non-dissociated dications, obtained from the fits in the TOF-Hit1 spectrum. The
normalization is carried out after applying all corrections as discussed in section
5.2.3. It can be observed that the relative intensities in the correlation maps show
that N++
is less likely to dissociate than CO++ .
2

5.2.3

Estimation of CSD-to-ND ratios

In order to estimate the CSD-to-ND ratio precisely, it is necessary to make accurate
measurements of the counts of undissociated doubly ionized molecular ions (ND)
of N++
and CO++ and of dications that dissociate via the CSD channel. The
2
total counts of doubly ionized molecular ions (ND) is obtained from the first hit
TOF spectrum shown in Figure 5.3. Because the peaks for both dications in TOF
spectrum are mixed with broader peaks from fragment ions, accurate estimates
are not easy. The CO++ peak lies on the overlapping tails of the C+ and O+ peaks,
while the N++
peak lies over the broad N+ peak. To separate the contribution
2
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of the undissociated dication from the peak, we note that the fragment ion peak
results from a mixture of ions arising from a multitude of several precursor states,
the width of the peak reflecting the kinetic energy distribution of the ions. The
contribution from each state is approximated by a Gaussian function centered at
the mean TOF, determined from the experiment. We carry out unconstrained fitting
of each TOF spectrum in the region 3.0–6.0 µs with Gaussian functions. Twelve
Gaussian functions are used for the N2 spectrum and 18 for the CO spectrum.
The residual error between fitted and experimental spectra in both spectrum is
less than 4% at any point in the entire range considered. The fitted curves are
shown by dotted lines in Figure 5.3. Amongst all Gaussian functions needed
to fit the entire range of TOF under consideration, two very narrow Gaussians
centered around the peak of the dications (µ = 4.631 µs, σ = 0.0047 µs) and
(µ = 4.637 µs, σ = 0.0122 µs) with relative amplitudes 1:0.2 are common to both
cases and their sum accounts for the undissociated molecular dications. (The TOF
distributions of undissociated species would be very narrow, as the only kinetic
energy they have is thermal.) The rest of the Gaussian functions correspond to
the broader features due to dissociation. The sum of the two narrow Gaussians
is taken to be the intensity of the undissociated dications. The robustness of
the fit is established by the fact, that the TOF distributions of the monocations
N+
and CO+ are similarly well-fitted by a pair of narrow Gaussian functions,
2
(µ = 6.556 µs, σ = 0.0072 µs) and (µ = 6.569, σ = 0.0243 µs) also in the
proportion 1:0.2, and this is common to the two species. Furthermore, the standard
deviation of the fit for the monocations (comprising the sum of the two narrow
p
Gaussians) is 2 times the standard deviation of the fit for the dications (also
comprising the sum of two narrow Gaussians). This is consistent with the fact
p
that the TOF of singly-charged ions would be 2 times the TOF of doubly-charged
ions. In Figure 5.3, the TOF spectra are normalized in such a manner that the
counts under the fitted N++
and CO++ peaks, representing ND counts, are equal.
2
In unnormalized spectra, the common peak for H2 O+ would appear identical.
The CSD counts are obtained from the time correlation maps of CSD of N++
2
and CO++ shown in Figure 5.4. The CSD counts normalized by their corresponding
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ND counts provide the CSD-to-ND ratios for the dications.
Further, to obtain the correct CSD-to-ND ratio, we need to correct the recorded
experimental cross sections for the intrinsic detection efficiency of the detector as
has been discussed in the section 3.4.3. At the applied front plate bias of −2800 V,
the detection efficiency for N++
and CO++ is 0.52, while for the singly charged ions
2

C+ , N+ and O+ , it is 0.50. These values have been taken from the report by Lienard
et. al. [111]. The corrected counts of N++
and CO++ are thus obtained by dividing
2
the observed counts by the corresponding efficiency. The observed counts from CSD
need a correction for the detection efficiency for pair coincidence measurement.
We take this factor to be the square of the singles counting efficiency, i.e. 0.25.
The observed number of ion pair counts requires further correction due to loss
in transmitting the ions. Transmission loss arises due to two factors – finite size
of the detector and finite strength of the extraction field. The nature of these loss
factors and their properties for the RIMS has been discussed in the section 3.4.1
and 3.4.2. In case of CSD of N++
, loss starts from 9.70 eV KER and from 8.50 eV
2
for CO++ . For CSD of CO++ , loss starts from relatively less KER value because
although the momentum is shared equally in a two-body break-up process, the
kinetic energy of C+ is higher than that of O+ , for a given KER. At 8.50 eV KER for
dissociation of CO++ , C+ ions attain 4.85 eV (the limiting energy for a single ion in
the RIMS) energy and thus loss starts. The correction of the transmission loss can
be implemented in the observed KER spectrum of the dications. The observed and
transmission loss corrected KER spectrum of CSD of N++
and CO++ are shown in
2
Figure 5.5 with dotted and continuous lines respectively. The counts of the CSD
are taken from the corrected KER spectrum in the calculation of CSD-to-ND ratios.
The consideration of the transmission loss increases the CSD cross section by about
30%. The loss because of the dead time (20 ns) of the multi-hit detection turns out
to be very small and thus has been ignored. The loss is 0.5 % at 1 eV KER for CSD
of N++
, and it decreases as square root of the energy (shown in the Figure 3.5).
2
After including all the corrections discussed above, the CSD-to-ND ratio for N++
2
is 0.07 and for CO++ it is 0.56. If the loss in transmission is not accounted for, the
CSD-to-ND ratios would be incorrectly taken to be 0.04 and 0.38, respectively.
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Figure 5.5: KER spectra of the CSD channel of N++
and CO++ . In both plots, the
2

histogram shown with a broken line is the observed spectrum, whereas the KER spectrum
after correction for losses is shown by the continuous line. Correction is applicable to the
++
N++
spectrum from 8.50 eV onwards.
2 spectrum from 9.70 eV onwards, and to the CO

5.2.4

CSD-KER spectrum of N2 and CO dications

The observed and the transmission loss corrected KER spectrum of the CSD of
the N2 and CO dications are shown in the Figure 5.5. It can be observed that the
transmission loss correction not only changes the CSD cross section significantly
but also modifies the KER distribution itself, particularly at larger KER values. The
details of the transmission loss has been discussed in the section 3.4.1. It is clear
that the raw KER data can be quite misleading because of various inefficiencies
and losses in the spectrometer. The KER spectra are plotted with bin size of
300 meV, that is the resolution of the RIMS for the two body break up channels.
The estimation of the momentum and KER resolution of the RIMS has been derived
in the section 2.8.

5.3

The computational results

The ab initio calculations are performed on the ground electronic state of neutral
molecules and the PECs of the dications of N2 and CO. The computation of the
vibrational levels, their tunneling life-times, their Franck-Condon (FC) factors and
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the resulting KER values are also performed for the states supporting vibrational
structures. The KER values arising form the repulsive states are also calculated.
Details of the calculation are given in the following sections.

5.3.1

Calculation of Potential Energy Curves

The electronic states of N2 and CO and their singly- and doubly-charged molecular
ions have been calculated under the BO approximation. All states are calculated using MOLPRO program package [136]. The complete active space selfconsistent field (CASSCF) method and the multi-reference configuration interaction
(MRCI) method have been used for the calculations using the standard correlationconsistent cc-pV5Z basis set. The CASSCF wave functions have been chosen to be
of full-valence type, and have been used as the reference function in the subsequent
MRCI calculation. These methods have been discussed in the section 4.3.5.
The electronic states of N2 and its molecular ions are calculated in the finite
point group D2h, while for CO the C2v group is used. State-averaging has been
employed in CASSCF calculations in order to allow for a balanced description of
several electronic states of dications. The symmetry of the computed electronic
states have been to reassigned to the corresponding symmetry of full symmetry
group, i.e. D∞h and C∞v for N2 and CO respectively. The atomic states of N, N+ , C,

C+ and O, O+ have also calculated using same method and their relative energy
levels has been cross-checked values reported with NIST database [142] and other
ionization data[164].
Few potential energy curves (PECs) of doubly ionized molecular ions of N2 and
CO are shown in Figures 5.6 and 5.7 respectively. These PECs are plotted relative

to the lowest ground state vibrational level of their neutral parents, N2 [1 Σ+g ,v=0]
and CO [1 Σ+ ,v=0]. For the vertical excitation, the excitation energy for the ground
state 1 Σ+g of N++
is 42.49 eV. For CO++ ground state 1 Σ+ it is 40.97 eV. These
2
results are in agreement with the results of other theoretical and experimental
investigations [151, 153].
In order to explain the dissociative ionization properties of these dications, their
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Figure 5.6: A few low-lying PECs of N++
2 , plotted with respect to the ground state of N2 ;

11 Σ +
g , v = 0. FC region centered at 1.103 Å is shown by vertical line. The values of the

potential energy in the separated ion limit at 3 Å for different CSD pathways of N++
2 are
3 3
3 1
1 1
shown at the right edge: a( P: P) at 43.05 eV, b( P: D) at 44.96 eV, c( D: D) at 46.86 eV,
d(3 P:1 S) at 47.55 eV, e(1 D:1 S) at 49.46 eV.

electronic Hamiltonian Hel ec is solved for a set of internuclear distances R, covering
the range [0.80 ≤ R ≤ 3.00] Å at increment of 0.20 Å. In order to capture the
behaviour of PECs very precisely near the Franck Condon region centered around

1.00 Å, electronic states in the range [0.90 ≤ R ≤ 1.50] Å are calculated with

much smaller increment of 0.05 Å. The PECs for the entire range are interpolated
using cubic spline fitting. The largest internuclear separation R at which the
calculation is performed is 3 Å , since at this distance, the nature of PECs is almost
entirely Coulombic and is appropriate for the identification of asymptotic limit. To
identify the states of the separate atom (ion) limits of these dications, we match
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Figure 5.7: A few low-lying PECs of CO++ , plotted with respect to the ground state of CO;

11 Σ+ , v = 0. FC region centered at 1.135 Å is shown by vertical line. The values of the
potential energy in the separated ion limit at 3 Å for different CSD pathways of CO++ are
shown at the right edge: a(2 P:4 S) at 40.20 eV, b(2 P:2 D) at 43.54 eV, c(2 P:2 P) at 45.21 eV,
d(4 P:4 S) at 45.54 eV, e(4 P:2 D) at 48.88 eV.

the potential energy given by the above curves to the value at the same R of a
Coulombic energy function of two singly charged ions. The asymptotic function is
j

j

taken to be Ea (i, j, R) = E1i + E2 + k/R, where E1i and E2 are the electronic energies
of the separated fragments that are calculated separately. The value of the constant
k is 14.40, when energies are in eV and R in Å.

5.3.2

Need of precise calculations

Although reasonably accurate PECs of some of the low-lying states of these
molecules are available in literature, our work requires that we calculate more
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number of states (atleast two for each symmetry). The high accuracy calculations
of N++
are by Bennett [161] and Wu et. al. [144]. Bennett have used MRCI
2
wavefunctions with cc-pV5Z basis sets, but report only five PECs that support
vibrational states. Recently, Wu et. al. have calculated fifteen states (nine states
supporting vibrational structure and six repulsive states) using MRCI calculations
at the level of the cc-pV5Z basis set. However, since their calculation does not
take into account the vibrational distribution, their reported KER values are not
vibrationally resolved. Further, they have considered only one dissociation limit
of N + (3 P) + N + (3 P). The maximum KER in their calculation is from the repulsive
11 Σ −
state at 14.41 eV, which is inadequate to explain the source of the broad peak
u
observed at 15 eV. In this study, we have calculated a larger number of states (40)
going up to 20 eV above the double ionisation threshold.
For CO++ , most accurate calculations are by Sedivcova et.al. [163] and Eland
et.al. [146] with similar accuracy. In order to understand life-times of metastable states, Sedivcova et.al., provide nine low lying PECs of CO++ , seven of them
supporting vibrational structure and two repulsive ones, calculated at MRCI level
with cc-pVXZ [X = 5 ,6] atomic basis sets. Eland et.al. have reported calculation
of seven low-lying states supporting vibrational levels using MRCI wavefunction
and cc-pV5Z basis set. Among other works [96, 97, 162], Lablanquie et.al. have
reported all CO++ states lying in the excitation range 35-60 eV. However, these
calculations are only at CASSCF level with much smaller basis sets. Further,
Lablanquie et.al. report 3 Π state as ground state of CO++ as well as the lowest state
for vertical excitation, whereas accurate calculations show 1 Σ+ to be the lowest
state for vertical excitation. High accuracy calculations are necessary for obtaining
accurate KER values, since PECs are very steep in the FC region. In this work, we
have calculated about 30 states, which is a more comprehensive calculation on
CO++ compared to that available in the literature.
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Calculation of FC Factors and tunneling life times

The FC region is calculated from the probability density distribution of the v = 0
ground state of the neutrals. The FC region covering the 3σ of the probability
density distribution of the v = 0 ground state for the ionizing transitions is shown
by a shaded vertical region in Figures 5.6, 5.7. Vibrational states supported in the
PECs of the dications of N2 and CO, their FC factors and tunneling life time has
been computed using LEVEL8.0 codes [143]. A discussion about the computational
details of the FC factors and tunneling life time has been covered in the section
4.1.4 and 4.3.6.
The vibrational levels having FC factor greater than 10−3 of N++
and CO++ are
2
shown in Figure 5.10. The details of vibrational levels of N++
and CO++ are given
2
in the Appendix B.

5.3.4

Calculation of KER

The KER values for N++
and CO++ arising from the direct dissociation viz. from the
2
repulsive PECs and vibrational levels of the PECs possessing minima are calculated
employing the method discussed in the section 4.2.1. The calculation of KER
resulting from the indirect processes are also calculated ( a discussion is provided
in the section 4.2.2). The contribution arising because of the direct processes are
plotted in the upper panel of the Figures 5.8 and 5.9. Also the various contributions
in the KER distributions are discussed in the next section 5.4.
In addition to the calculation of specific KER values, the one more crucial point
that has been taken into account while calculating the KER distribution is to account
the probability of the states being accessed, which is specific to the perturbing
agent. In the case of high energy electron impact, where there are no selection
rules, the probability of excitation to a state at an energy ε above the ground state
is known to be [165] proportional to 1/ε2 . Hence, the amplitude of a particular
transition contributing to the KER distribution is corrected by a factor proportional
to 1/ε2 , the proportionality factor being different for the two dications. However,
we have not attempted to fit a combination of the excitation functions at different
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excitation energies to match the experimental KER distribution. The reason for not
performing such exercise is that the exact excitation probabilities in the various
transient states are not known. In addition, the observed intensities of the features
in the KER, unless it has been confirmed to arise from a unique transient state,
would not be proportional to the excitation probabilities of the states. In this work,
we have focused on explaining the features in the distribution.
It can be seen in the Figures 5.8 and 5.9 that the computed KER values cover
almost the entire range of KER observed in the experiment. The computed PECs
cover up to 20 eV excitation above the double ionization threshold. We expect
the contribution from even higher lying states to be less important based on two
reasons. The first reason is that the excitation probability for the present collision
system, as has been discussed above, decreases as an inverse square function of the
excitation energy. So the higher lying states will be less populated in the collision
with respect to lower lying states for a given charged species. The second reason
is that, higher lying states will be mostly of repulsive nature and thus they will
always lead to larger KER values, and contribute mainly to the tail of the KER
distribution. It should be noted that the major features in the N++
as well as CO++
2
KER spectrum are below 22 eV, which we have been able to explain with the states
we have computed.

5.4

Identification of the KER features

We first consider the features in the KER spectrum that can be achieved by assuming the direct dissociation. The remaining features in the KER spectrum can be
understood only by considering the indirect dissociation channels and are discussed
in the subsequent sections.

5.4.1

Direct dissociation channels

As it has been discussed in the section 4.2.1, the KER distribution for CSD via repulsive states of doubly-ionized molecular ions is obtained by reflecting the probability
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Figure 5.8: Experimental and theoretical KER distributions for the channel N++
2 → N :N .

Corrected experimental KER distribution shown by histogram in lower panel. Upper panel
(offset by 1.05) shows the KER distribution arising from repulsive states of N++
2 (Gaussian
curves) and the contribution from tunneling of vibrational levels (bars).

distribution of ground vibrational level of ground electronic state of neutral parent
across the PEC in the FC region. The KER distribution corresponding to that PEC
is then a Gaussian function whose area is proportional to the magnitude of the
transition function which as described earlier varies as 1/ε2 . The experimental KER
spectra and the computed contributions from different states (via direct channles)
for the two dications appear in Figures 5.8 and 5.9.
Three categories of PECs are considered to explain the observed KER distributions by the direct processes of dissociation. The first category is of states that
support vibrational levels and are relatively stable against tunneling. States of
this category will not contribute to dissociation if only tunneling is responsible.
The second category is of states that support some vibrational levels and have
a propensity to tunneling. The third category is of states that are either purely
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Figure 5.9: Experimental and theoretical KER distributions for the channel CO++ →

C+ :O+ . Corrected experimental KER distribution shown by histogram in lower panel.
Upper panel (offset by 1.05) shows the KER distribution arising from repulsive states of
CO++ (Gaussian curves) and the contribution from tunneling of vibrational levels (bars).

repulsive or support a few vibrational levels with relatively small FC factors ( <
10−3 ) and decaying from the FC overlap region.
We first consider the case of N++
, referring to Figures 5.6 and 5.10 and Table
2
1 given in the Appendix B. The states 11 Σ+g and 13 Σ+
can be placed in the first
u
category as their tunneling contributions are from higher vibrational levels with
small FC factors. The states 13 Πu , 11 Πu , 13 Σ−g , 13 Π g , 21 Σ+g , 11 Σ+
fall in the second
u
category. From Figure 5.10, it can be seen that the KER from tunneling vibrational
levels of these electronic states ranges from about 6.0 eV (for 13 Σ−g state) up to
8.0 eV (for the 13 Π g state). In fact, all meta-stable vibrational levels of these
states have very small FC factors, the largest value being 0.1. These vibrational
levels have life times of up to few milliseconds. If tunneling were the only decay
mechanism, then only these states levels would contribute to the CSD channel.
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Figure 5.10: Vibrational levels of N++
having FC factor greater than 10−3 are
2 and CO

shown with respect to the KER that would be obtained upon dissociation from this state.
Each vibrational level is shown by a bar of height equal to the FC factor. The FC factors for
vibrational levels which are found to be stable against tunneling are shown with negative
sign. The positive FC factors have been multiplied by 5.0 to enhance their visibility.

Although the 11 ∆ g state is deep enough to support five vibrational states, all of
them have very small FC factors (because the minimum of that state is far from
the FC region). This state crosses to several other electronic states having stable
vibrational states and hence may indirectly contribute to KER.
The experimental KER distribution shows distinctive peaks around 6.5 eV, 7.5 eV,
10.0 eV and 15.0 eV. The electronic states responsible for the first two peaks are
clearly the meta-stable states identified above. The peak around 10.0 eV can
be attributed clearly to the repulsive states 31 Σ+g and 11 Π g , giving rise to KER
values centred at 10.01 eV and 10.72 eV. This is to be contrasted with the report
of Lundqvist et. al.[47], who had tentatively assigned the broader KER structure
at 10 eV to the purely repulsive 11 Π g state. Lundqvist et. al. have observed the
feature at 15 eV but have provided explanation for features only up to 12 eV, based
on the calculations by Senekowitsch et. al. [160] and Olsson et. al. [159], the
latter being limited in the number of PECs calculated. As shown in Figure 5.8, a
large number of higher lying states which are purely repulsive in the FC region
contribute to the KER distribution at higher energies. Since the state density in
this range is very high, it is not possible to make an exact correspondence between
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the state and the structures in the KER distribution beyond 11 eV. However, our
calculations do predict a large number of states around a KER value of 15.0 eV,
where the experimental spectrum also shows a prominent feature. It is interesting
to note that this feature is hardly seen in the raw KER spectrum, emphasizing the
importance of correcting the raw KER spectra for losses and inefficiencies of the
spectrometer; this will be seen once again in the KER spectrum of CSD of CO++ .
Now, we consider CO and referring to Figures 5.7 and 5.10 and Table 2 given
in the Appendix B. The states 11 Σ+ , 11 Π and 13 Σ+ can be identified to belong to
the first category. These have several stable vibrational levels and tunneling occurs
only for levels that are very high. The FC factors for these high vibrational levels
are very small. On the other hand,13 Π, 21 Σ+ , 31 Σ+ and 23 Σ+ are in the second
category. These states support vibrational levels which have modest FC factors
(about 0.02 to 0.1) and dissociate through tunneling.
In contrast to N++
, the KER distribution for CSD of CO++ has a much richer
2
structure. It has a relatively broad low-intensity peak at 2.8 eV which is wellseparated from two narrower peaks at 6.0 eV and 9.5 eV. From Figure 5.10, it can
be seen that the vibrational states with significant tunneling contribute to KER
starting from 6.7 eV (for 13 Π state) up to 8.0 eV (for 31 Σ+ state). If only tunneling
were the sole mechanism for dissociation, there would be no contribution from
vibrational levels to KER values less than 6.7 eV. Therefore, the KER peaks at 2.8
and 6.0 eV cannot be explained without invoking indirect dissociation mechanisms.
As shown in upper panel of Figure 5.9, at higher KER values beyond 8.6 eV only
repulsive states contribute, starting with states 11 ∆ and 23 Π, readily explaining
the KER peak at 9.5 eV.

5.4.2

Indirect dissociation channels

Apart from the direct dissociation pathways, two other dissociation mechanisms
namely predissociation and autoionization which are termed as indirect processes
need to be taken in to account in order to explain the rest of the features of the
observed KER. These processes are discussed in the section 4.2.2. Since, in case of
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N2 , all the KER features can be explained with the KER distributions arising from
the direct dissociation, we will not invoke the possibilities of indirect processes in
this case. Only in case of CO, the two KER features at 2.8 and 6.0 eV are examined
for the various possible indirect dissociation pathways. Finally, we present reasons
for appearing the indirect processes in the CSD of CO++ .
From Figure 5.7, the states 13 Σ− , 11 ∆ and 23 Π are the possible candidates
through which the low lying electronic states that also cross them ( belonging
to first and second category) may undergo predissociation. Assuming weak coupling of crossing states, the vibrational levels closest to the crossing point will
contribute significantly to predissociation. The FC factors of such vibrational levels
pre-dissociating through 11 ∆ and 23 Π states are found to be insignificant (less
than 0.005) and these levels are unlikely to be populated. The KER values for
predissociation through different states are as follows. 13 Σ− : 11 Σ+ 6.56 eV and
6.78 eV, 21 Σ+ : 9.76 eV , 11 Π: 6.35 eV, 13 Σ+ : 8.24 eV, 13 Π: 6.12 eV. The FC factors
are significant (> 0.1) only for 11 Π and 13 Π states. Therefore, the KER peak at
6.0 eV will receive significant contributions from both of these states. Tarisien
et.al.[97] have identified the origin of this peak to be the vibrational levels of 13 Π
state; our calculated PECs enable us to clarify that this happens through strong
predissociation of 3 Π and 1 Π states via repulsive 3 Σ− state and not via tunneling.
Although predissociation from lower vibrational levels may contribute to KER
below 6.0 eV (estimated lower limit is 2.3 eV), the couplings are not expected to
be significant as these levels are far from the relevant crossing-points. Therefore, it
is not possible to explain the KER peak at 2.8 eV on the basis of predissociation.
A possible mechanism is dissociation from a highly-excited electronic state of
singly-ionized CO+∗ lying between the lowest CSD asymptote of CO++ and the
double-ionization threshold of CO (the latter is about 5.5 eV above the former).
Such a state, if accessed during electron-impact ionization, will be autoionizing and
undergoes dissociation to the lowest CSD asymptote of CO++ . This possibility has
been established by Hsieh and Eland [156] who report that the KER distribution
arising purely from autoionization of CO+∗ extends up to 4.7 eV KER. Their reported
distribution is very similar to ours. This channel has been further investigated by
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Osipov et.al. [158], who have proposed that CO+∗ first dissociates to C+ and O∗ ,
followed by O∗ autoionizing to O+ .
The main reasons for differences in the KER spectra of the two species can
be understood qualitatively with the aid of the PECs shown in Figures 5.6 and
5.7. The crossing of the meta-stable states with repulsive states occurs at a much
larger bond-distance from the FC region in N++
as compared to CO++ . In N++
,
2
2
these crossings occur only beyond 1.5 Å, whereas in CO++ , several such crossings
(with 13 Σ− and 11 ∆ repulsive states) occur within 1.5 Å. Further, in N++
, most of
2
the repulsive states involved in crossings are not effective because they dissociate
to the same asymptote as the meta-stable states they cross with. In contrast,
in CO++ , most meta-stable states (except 13 Π) dissociate to a higher asymptote
(C+ :2 P and O+ :2 D), whereas the repulsive state 13 Σ− which crosses with most of
them dissociates to the lowest asymptote (C+ :2 P and O+ :4 S). Since only triplet
and quintet states are possible for the lowest asymptote in CO++ , all the singlet
states necessarily dissociate into a higher asymptote. The calculations of spin-orbit
interaction by Sedivcova et.al. [163] show that in CO++ , 13 Σ− has strong coupling
with 11 Σ+ and 11 Π states which are facile pre-dissociation channels.

5.5

Calculation of the partial cross sections

The experimental values of the CSD-to-ND ratios for N++
and CO++ , after applying
2
all corrections, are 0.07 and 0.56, respectively. In the case of CO++ , both predissociation and autoionization contribute to CSD, which is evidently not the case
for N++
. The contribution of the indirect processes in the CSD of CO++ can be
2
realised by calculating the modified CSD-to-ND ratios and comparing with the
observed CSD-to-ND ratio for N++
. The partial cross sections of the identified
2
indirect processes of the CO++ is used to calculate the modified CSD-to-ND ratios.
The estimated partial cross sections of the CO++ and N++
is plotted in the Figure
2
5.11.
If we exclude the contribution to CSD arising from autoionization by removing
the counts in KER distribution up to 4.7 eV (region r1 ) and instead include those
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ND

OF THE PARTIAL CROSS SECTIONS

r1

r2

CSD
r3

r4
CSD

ND

a: N++
2

b: CO++

Figure 5.11: CSD and ND fractions of [a] N++
and [b] CO++ are shown in the figure.
2

In case of CO++ , CSD yield is shown in four parts as discussed in the text. Region r1
represents CSD fraction corresponding to KER values below 4.7 eV. This region covers
autoionization of high lying states of CO+∗ . CSD corresponding to the KER range from 4.7
to 7.2 eV largely arises from predissociation of 11 Π and 13 Π through 13 Σ− and is shown
as region r2 . Region r3 covers counts in the KER spectrum up to 10.8 eV, that can arise
from all known possible predissociation and autoionization channels (for details, see text).
Region r4 represents counts corresponding to KER value greater than 10.8 eV.

counts in the ND channel, the modified CSD-to-ND ratio becomes 0.44. Further, if
predissociation of 11 Π and 13 Π through 13 Σ− are separated collectively with the
autoionization contribution by removing all counts from the KER distribution up
to 7.2 eV (region r1 and r2 ) and instead considering them as non-dissociative, the
CSD-to-ND ratio will become 0.32, that is again more than four times larger than
N++
case. As seen earlier in the previous section, predissociation through 13 Σ− can
2
in fact contribute up to 9.8 eV and beyond. Even if we make the drastic assumption
that all counts in KER distribution of CO++ up to 10.8 eV arise from predissociation
and autoionization (region r1 , r2 and r3 ) and exclude them from the CSD yield,
though there will be a significant contribution in that KER range from repulsive
curves, the CSD-to-ND ratio is 0.17. Even after accounting for the contributions of
indirect dissociation process that could be identified in this study , the CSD-to-ND
is higher in CO by a factor of 2. This shows that predissociation from higher lying
states that will contribute in the KER spectrum above 9.8 eV are still significant.

5.6. CONCLUSIONS
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Though, in the range above 9.8 eV, identification of KER features are not possible,
the underlying mechanism is profoundly non-adiabatic, as in the lower KER range.
Since the total FC factors for these molecules are quite similar, we can assume
that total number of dication molecules produced are roughly equal. Moreover, the
total double ionization cross section for these molecules are nearly identical [108].
We can therefore estimate the ratio of total non-dissociative cross-sections of both
dication as well as the ratio of their CSD cross-sections based on the observed
CSD-to-ND ratios. The non-dissociative cross-section of N++
thus turns out to be
2
1.46 times that of CO++ , while the CSD cross-section of CO++ turns out to be more
than 5 times that of N++
, which is also seen in Figure 5.11.
2

5.6

Conclusions

It can be observed from the analysis of CSD of N++
and CO++ that the KER spectrum
2
of N++
can be readily explained in terms of repulsive or tunneling states, however
2
in the case of CO++ , recourse has to be taken to indirect dissociation channels,
namely predissociation and autoionization. In addition, the comparative study
based on the CSD-to-ND ratios for these dications also suggests the significance of
the indirect processes in the dissociation of CO++ dications.
By exploiting the information about the sources of the features in the KER
spectra of the two species, we have been able to separate out the autoionization
and predissociation contributions in the lower range of KER values to the overall
dissociative yield. These indirect processes do not contribute as much to CSD
in the case of N++
as they do in the case of CO++ , and this partially explains
2
the higher CSD-to-ND ratio for CO++ . Since autoionization and curve-crossing
predissociation processes fall under non-BO dynamics [123], our work shows that
these processes play a significant role in the CSD of CO++ , but not much in the case
of N++
, indicating the effect of asymmetry (presence of a non-zero dipole moment
2
term) in non-BO dynamics [125].

Chapter 6
Summary and discussions
This thesis comprises a study on the small molecular systems focusing on their
dissociation properties. The observed properties of dissociation are used as a tool
to understand the dynamical nature of a molecular system that involves coupling of
nuclear and electronic motions. In such studies, the major challenge arises because
of the fact that dissociation processes generally involves many complex mechanisms
that preclude any general understanding. In the absence of the possibility of a
generalised understanding, we have taken an approach of comparative study of
dissociative ionization of two (or more) molecular systems. In this thesis, we have
presented a comparative study of the dissociative ionization of the dications of N2
and CO molecules.
Very extensive studies performed on molecular systems to investigate the dissociative ionization mechanisms have been reported in the literature. Processes
that can be broadly categorized as following BO and non-BO dynamics have been
investigated for many molecular systems under the influence of many ionizing
elements. There has been an interest to quantify the participation of the various
pathways of dissociation, however exact quantification is not possible in general.
This is because of the fact that identification of the underlying causes is only possible on the basis of the energetics in the asymptotic limit of the dissociation and thus
sources resulting in similar energetics can not be resolved. Recent advances in time
resolved investigation of the dissociation mechanism are step towards separating
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the multitude of dissociation pathways with similar energetics in the final states.
In this work, since the stress is on a comparative study, careful efforts have
been taken in the experiments. In order to make direct comparison between the
observed quantities, experiments on the molecules were performed in the identical
conditions. In addition, we have accounted various loss factors and inefficiencies in
the detection process in order to obtain the accurate cross sections. To the best of
our knowledge, systematic analysis of the effect of transmission loss of the ions on
the KER distributions of the CSD is being considered for the first time. We provide
a way to calculate the accurate KER differential cross sections by recompensing
the losses for two-body fragmentation. We have also noticed the effect of the
losses on the anisotropy measurements and found that it is not possible to achieve
accurate angular distribution of the fragmented ions in the presence of transmission
loss. For the processes involving more than two-body fragmentation, difficulties in
calculation of the losses have also been analyzed and reviewed.
Concurently, to understand the features of the kinematics of dissociative ionization, we have performed theoretical calculations of the PECs of these dications and
of their vibrational structures to determine their contribution in the dissociation. In
this work, we provide the most exhaustive calculations for both dications that is also
possibly the most accurate calculation reported in the literature for so many states.
Because of the accurate calculation of the PECs, the sources of many features of the
dissociation of these dications which were previously misidentified or uncertain are
now resolved.
The most subtle aspect of the thesis which has been brought out is that it is
possible to further identify and infer the contribution of various processes by a
comparative study. Using the identified partial cross sections of the dissociation
pathways, comparative study between the kinematics of two distinct molecular
systems (or cases) enables us to make further quantification in the broad categories
viz BO and non-BO mechanisms even though the identification of the sources of
dissociation is elusive. The performed study also provides a way to see the effect of
the inherent similarities and differences of the molecular systems on the properties
of dissociative ionization.
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After recognizing the importance, the comparative studies can be performed
on the other molecular systems that share common features in their electronic
structure with few differences. It is also necessary to perform comparative studies
between molecules for different ionizing agents. It will provide the insight as
to whether the dissociation process retains a memory of the excitation process
that lead to the formation of the transient molecular ion. Studies monitoring the
changes in the signatures of the dissociation for different ionizing elements have
been performed for many small and large molecules, in many cases. Comparative
study between molecules will provide more insight about the dynamical evolution
of the dissociation.

Appendix A
Calculation of transmission loss
In order to estimate the transmission loss in the momentum spectrometer, a
schematic diagram of the spectrometer and the Newton spheres representing the
angular distribution of ions having different momentum, centred at the ideal point
source (taken as the origin) are shown in Fig. A.1. The +z-axis is the spectrometer
axis, along which extraction fields are applied. The detector plane is at z = s. The
region between the source and the detector represent the extraction region.
Ions on a given Newton sphere of radius P, will have a range of flight times
distributed around a value t 0 corresponding to the flight time of ions created in
z = 0 plane on the Newton sphere. We have seen in the section 2.7, the TOF of
ion gives the longitudinal momentum P|| and the position information, (X,Y) on

the detector plane provides the two transverse momentum components (P x , P y )
that defines the transverse momentum P⊥ . The distribution of the intensity on
the detector plane, shown in the Figure A.1 by shaded the area, is for an isotropic

Newton sphere and has been discussed by Amitay et. al. [166]. Nature of the
transmission loss with ion’s energy (or momentum) can be prevised by noticing
the fact that the projection of the Newton sphere on the detector plane has its
maximum at θ = π/2 and decreases rapidly for smaller θ .
An ion formed in the ionization region will be detected only when P⊥ ≤ R× m/t,

where R is the active radius of the detector. Corresponding to the limiting value
P⊥l im beyond which loss starts, is an angle α = cos−1 (P⊥lim /P), Figure A.1, which
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x
T
Plim
θ

z
s

O

D

αs′
NSo

NSa NSb NSc

Figure A.1: A cross sectional view of Newton sphere, NSo of radius Plim , centered at

O is shown in the y-plane. Three other Newton spheres, NSa ,NS b ,NSc corresponding to
momentum greater than Pl im are shown truncated. Only the part of the Newton spheres
shown here will be within detector size upon transportation, the remaining part will not
be detected. The lost part of the Newton spheres is parametrized by α, the complement
of the polar angle made by the radius vector at the point of intersection of the Newton
sphere with the tangent (T) x = P⊥l im . s is the distance between the ionization region
and the detector D. θ is the polar angle defined with respect to spectrometer (z-)axis. The
projection of the Newton sphere, NSo is shown by the shaded area on the detector. For
simplicity, the conversion factor from momentum space to the distance is taken to be unity,
and thus the range of the projection on the detector plane is shown having same radius as
of the Newton sphere.

parametrizes the lost part of the Newton sphere. The solid angle corresponding to
the portion of the Newton sphere that will fall outside the detector is 4π sin(α). So
the loss factor for isotropic emission of particles is

LF (P) = sin(cos−1 (P⊥lim /P))

(A.1)

For the anisotropic case, if function f (θ , P) : 0 < θ < π represents the
anisotropy of Newton sphere of radius P, then the loss factor for the momentum P will be given by
R π/2+α
LF (P) =

π/2−α
Rπ
0

f (θ , P) sin(θ )dθ

f (θ , P) sin(θ )dθ

.

(A.2)

Note that in Eq. A.2 θ is defined with respect to the spectrometer axis to simplify
the expressions. If the Newton sphere has anisotropicity about some axis (e.g. the
projectile beam), the function f (θ , P) must be defined accordingly.
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Figure A.2: Loss angle and loss factor for an ion are shown as a function of multiples of
ε⊥l im . There will be no transmission loss for Newton spheres having radius less than ε⊥lim .

In terms of particle’s kinetic energy ε, if ε⊥lim (= P2⊥lim /2m) represent the

limiting kinetic energy of the ion, the loss factor for isotropic distribution will be

LF (ε) = (1 − ε⊥lim /ε)1/2

(A.3)

The loss angle and loss factor as a function of the particle’s energy are plotted
in the Figure A.2.
For RIMS setup, discussed in the section 2.5.4, the active area of the ion-MCP
is 76 mm. Since in the transverse direction, there is no applied field, the limiting
kinetic energy [or momentum] ε⊥lim [ or P⊥lim ] depends only on the TOF of the

ions for a given diameter of the ion detector. For singly-, doubly- ionized ions the
ε⊥l im for the RIMS setup operated at 60 V/cm turns out to be 4.85 eV, 9.70 eV
respectively.

Appendix B
++
Vibrational levels of N++
and
CO
2
Few PECs of dications of N2 and CO are listed in the tables B.1 and B.2. Only the
states supporting vibrational structure and few low-lying states are provided. The
total number of states calculated for these dications is very large covering about
20 eV above the double ionisation threshold, their resulting KER distributions are
shown in the upper panel of the Figures 5.8 and 5.9.
In the context of the properties of dissociation, few points can be noted using
the states shown in the tables B.1 and B.2. It can be observed that the states of
N++
which support vibrational structures are predominantly decaying to the first
2
asymptotic limit. In case of CO++ , the second asymptotic limit is the dominant to
receive products of the dissociation. In addition, for states of N++
which support
2
vibrational structures, crossing of the state happens largely with the other states
that having a local minima. On the other hand, for CO++ , crossing of the stable
states also happen to be with the purely repulsive states. It is also important to
mention that the tunneling from the vibrational levels of these dications yield
KER below 8 eV. However, the repulsive states will result mean KER values above
8 eV. Predissociation of the states can only increase the KER value from their
direct dissociation values, and thus below the 8 eV there will no appearance of
predissociation in the KER spectrum. The details of the identification of the features
in KER spectrum of CSD of N++
and CO++ are given in the section 5.4.
2
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Label Electronic TR e

T0”

Asymptotic

Crosses to

Nvi b Levels having tunneling
−3

KER

states

[eV]

FC > 10

starts from

S1

11 Σ+
g

42.49 42.56

a

1.131 S2 ,S5 ,S7

13

v = 0...3

v=9

6.04–6.25

S2

13 Πu

43.42 42.64

a

1.241 S1 ,S5 ,S7

16

v = 0 . . . 15

v = 13

6.38–6.59

S3

13 Σ+
u

43.94 44.08

a

1.093 S2 ,S4 ,S5 , S7 ,S8 ,S6

11

v = 0...1

v=6

7.34–8.08

1

[eV]

limit

R e”
[Å]

[eV]

S4

1 Πu

44.93 44.05

a

1.253 S3 ,S5 ,S7

10

v = 0...9

v=6

6.74–7.09

S5

13 Σ−
g

45.49 43.33

a

1.368 S4 ,S3 ,S1 , S2

11

v = 4 . . . 10

v=7

5.88–6.13

3

S6

1 Πg

46.29 45.99

a

1.200 S7 ,S8 ,S3

1

v=0

v=0

7.74

S7

11 ∆ g

46.52 43.99

a

1.413 S6 ,S8 ,S3 ,S4 ,S1 ,S2

5

none

v=2

5.95–6.11

S8

21 Σ+
g

46.53 44.61

a

1.342 S6 ,S7 ,S3

9

v = 2...8

v=5

7.25–7.65

50.42 50.48

e

1.135 many

9

v = 0...3

v=3

6.50–7.44

1

Σ+
u

S9

1

R1

11 Π g

48.99

a

none

10.72±0.23

R2

23 Σ+
u

50.68

a

none

12.37±0.75

3

R3

1 ∆u

51.78

a

none

13.46±0.81

R4

31 Σ+
g

52.18

c

none

10.01±0.26

R5

23 Π g

52.59

b

none

12.33±1.21

53.04

b

none

12.81±0.82

53.13

a

none

14.81±0.80

R6
R7

3

1 Σ−
u
11 Σ−
u

Table B.1: Electronic states of N++
2 (all states supporting vibrational structure, Sn , and
few low lying repulsive states, Rn ) and their properties in the order of their excitation
energy. TR e is the excitation energy for the vertical transition at R e = 1.103Å with respect to
1 +
ground state of N2 , 11 Σ+
g , v = 0. T0” is the energy difference between N2 1 Σ g , v = 0 level

and the ground vibrational level of an upper PEC. Asymptotic limits: a(3 P:3 P) at 38.25 eV,
b(3 P:1 D) at 40.16 eV, c(1 D:1 D) at 42.07 eV, d(3 P:1 S) at 42.75 eV, e(1 D:1 S) at 44.66 eV,
are calculated at infinite separation of the nuclei N+ and N+ . Crossing with other stable
and repulsive states are shown in ‘Crosses to’ column in ascending order of internuclear
separation. Total number of vibrational levels (Nvi b ) for the PEC is given in the next column.
Only vibrational levels having FC factor > 10−3 are assumed to have any contribution to
excitation, as the largest FC factors are of the order of 1. Tunneling is taken to be effective
for a vibrational level having tunneling lifetime less than a few ms. For electronic states
supporting vibrational levels, KER values are given for the vibrational level from which
tunneling starts and for the highest vibrational level. For repulsive states, the KER is shown
as the mean KER corresponding to the difference of TR e and the asymptotic limit and the
width corresponding to the mapping of the ground state vibrational probability distribution
through the repulsive PEC.
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Label Electronic TR e

T0”

states

[eV]

S1

11 Σ+

40.97 41.05

S2

13 Π

S3

11 Π

S4

13 Σ+

S5

21 Σ+
1

[eV]

Asymptotic
limit

R e”

Crosses to

Nvi b

Levels having tunneling
−3

[Å]
24

FC > 10

starts from

v = 0...3

v = 19

KER
[eV]

b

1.160 S2 ,S3 ,R1 ,S6 ,R2

5.66–5.93

41.26 40.86

a

1.246 S1 ,R1

12

v = 0 . . . 11

v=8

6.68–7.01

41.84 41.40

b

1.249 S1 ,R1 ,S6 ,R2

23

v = 0 . . . 12

v = 19

5.37–5.63

43.26 43.39

b

1.133 R1 ,S6 ,S5 ,R2

16

v = 0...1

v = 12

7.06–7.41

45.08 44.77

c

1.087 R1 ,S6 ,S4 ,R2

11

v = 3, 6, 10

v=7

4.99–5.19

S6

1 ∆

47.35 43.19

b

1.714 S5 ,S4 ,S1 ,S3

8

none

v=4

4.70–4.86

S7

31 Σ+

48.74 46.77

c

1.254 many

6

v = 1...5

v=3

7.61–8.13

S8

23 Σ+

48.84 46.59

c

1.369 many

22

v = 10 . . . 18

v = 12

7.15–7.81

3

S9

3 Π

50.12 45.58

b

1.808 many

2

none

v=0

6.84–6.97

S10

11 Σ−

50.55 45.40

b

1.587 many

6

none

v=2

7.09–7.66

R1

13 Σ−

45.54

a

none

R2

3

2 Π

48.09

b

none

9.28±0.61

R3

13 ∆

49.75

b

none

10.93±0.75

R4

21 Π

50.63

b

none

11.80±0.78

R5

3

2 Σ

50.78

b

none

11.95±0.83

R6

21 ∆

51.10

b

none

12.26±0.86

−

10.05±0.89

Table B.2: Electronic states of CO++ (all states supporting vibrational structure, Sn , and
few low lying repulsive states, Rn ) and their properties in the order of their excitation
energy. The nomenclature for parameters is same as in Table B.1. Parameters specific
to CO++ are R e = 1.135 Å and the asymptotic limits: a(2 P:4 S) at 35.40 eV, b(2 P:2 D) at
38.74 eV, c(2 P:2 P) at 40.41 eV, d(4 P:4 S) at 40.74 eV, e(4 P:2 D) at 44.08 eV. Asymptotic limits,
TR e , T0” and KER are calculated with respect to the ground state of CO 11 Σ+ , v = 0.
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We report a comparative study of the features in dissociative double ionization by high energy electron impact of N2 and CO molecules. The ratio of cross-section of charge symmetric dissociative
ionization to non-dissociative ionization (CSD-to-ND ratio) and the kinetic energy release (KER)
spectra of dissociation are experimentally measured and carefully corrected for various ion transmission losses and detector inefficiencies. Given that the double ionization cross sections of these
iso-electronic diatomics are very similar, the large difference in the CSD-to-ND ratios must be attributable to the differences in the evolution dynamics of the dications. To understand these differences, potential energy curves (PECs) of dications have been computed using multi-reference configuration interaction method. The Franck-Condon factors and tunneling life times of vibrational levels
of dications have also been computed. While the KER spectrum of N++
2 can be readily explained by
considering dissociation via repulsive states and tunneling of meta-stable states, indirect dissociation
processes such as predissociation and autoionization have to be taken into account to understand the
major features of the KER spectrum of CO++ . Direct and indirect processes identified on the basis of
the PECs and experimental KER spectra also provide insights into the differences in the CSD-to-ND
ratios. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861665]
I. INTRODUCTION

In an ionizing collision between a fast charged particle
and a molecule, the process of electron removal is in general
very rapid compared to the nuclear motion within the target
molecule. Further evolution of the molecular ion formed in
the collision is entirely determined by the dynamics of the
nuclei and remaining electrons in the system. Depending on
the nature of electronic state in which it is created, the molecular ion may dissociate or stay as a stable system after ionization. Most molecular ions with charge higher than two, due to
strong Coulomb repulsion between the nuclei, possess purely
repulsive potential energy surfaces (PES) with little structure.
As a result, such ions are generally unstable and dissociate
quickly into two or more fragment ions.1
The PES of singly and doubly ionized molecules, however, exhibit interesting features arising due to competition
between bonding and repulsive forces. In addition to purely
repulsive states, there are several states having a minimum
followed by a potential barrier connected to a dissociation
asymptote which generally lies below the minimum. This
leads to meta-stable vibrational states whose life-time is governed by tunneling through the potential barrier. Dications are
of special interest as they contain relatively smaller number
of electronic states which support vibrational structure and
hence are better candidate for probing various dissociation
processes.
There are two types of dissociation processes, direct and
indirect. A direct dissociation process is one in which the
molecular ion follows the same potential energy curve on
a) Electronic mail: amrendra@prl.res.in

0021-9606/2014/140(3)/034319/10/$30.00

which it is created in during the entire dissociation. If only
direct processes are significant in a dissociation, the observed
properties of dissociation are relatively simple to calculate.
All features in kinetic energy release (KER) spectra can then
be identified as a result from the properties of individual electronic states. The tunneling life times of these vibrational
states govern the features appearing in the KER spectrum.
Indirect processes such as autoionization and predissociation arise due to coupling between states. Depending on the
strength of the coupling, new dissociation pathways open up.
Then, the tunneling life-time of a given state can provide only
an upper bound for the true life-time. This may result in features in the KER spectrum that would otherwise not appear.
Several investigations have shown the significance of indirect
processes in dissociation of dications.2–5
The dications of N2 and CO formed by charged particle collision or photoabsorption have been studied extensively with a view to understand the dynamics and evolution
of multiply charged molecular ions employing a variety of
experimental methods.1, 6–15 Their electron-spectra have also
been analyzed extensively to probe the properties of vibrational states.16–19 The life time of the dications has also been
studied in great detail and it is known that these dications
have states with life times ranging from a few nano-seconds
up to several seconds.20–22 In general, a dication may undergo either charge symmetric dissociation (CSD) in which
the net positive charge on the molecular ion is equally shared
by fragments, or charge asymmetric dissociation (CAD) in
which charge sharing is unequal. The CSD and CAD of N++
2
and CO++ have been analyzed in many experiments. CSD
is the energetically favored channel for these dications. This
can be attributed to the second ionization potential which is
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much larger than the first one for all the dissociation fragment
atoms. As a result, CSD is easily accessed in experiments and
has been extensively discussed.
and CO++
In the past, KER spectra of CSD of N++
2
have been recorded experimentally with sufficient accuracy,
resolving the contribution from many vibrational levels of
low-lying states.6, 8 There are many theoretical works involving computation of potential energy curves (PECs) of these
dications7, 9, 11, 23–27 to explain the experimental observations
of different types of experiments, and some of the features
in KER spectrum have been discussed in these studies.6, 9, 10
The magnitude and the overall shape of the double ionization cross sections of these iso-electronic diatomics are very
similar,28 so a comparison of the detailed features of the dissociation of the dications is of interest. While KER spectrum
depends purely on dissociative processes, the CSD-to-ND ratio is a measure of relative importance of dissociative and
non-dissociative processes. In this work, we estimate carefully corrected CSD-to-ND ratios for these molecules which
are not available in literature. Since these ratios are sensitive
to dissociation processes and life-time of states, we attempt to
understand why these ratios are widely different (factor of 8)
for these molecules. This requires identification of pathways
for dissociation of the dications in both charged species. For
this purpose, accurate ab initio calculations of the PECs of dications covering a range of 20 eV above the double ionization
threshold have been performed. These are used to calculate
the Franck–Condon (FC) factors and the tunneling life times
of vibrational levels of all electronic states exhibiting a local minimum. Identified contributions of direct and indirect
processes are used to understand the differences in the KER
spectra and CSD-to-ND ratios of the dications.

II. EXPERIMENT
A. Apparatus

Molecular ions are created by the impact of high energy
(1.3 keV) electrons on molecules under single collision
condition. The electron beam and the effusive molecular
beam overlap in an interaction volume of about 2 mm3 in a
crossed-beams geometry. A recoil ion momentum spectrometer (RIMS) is employed29 to analyze the collision products.
In brief, the RIMS consists a single-field time-of-flight (ToF)
mass spectrometer combined with a multi-hit capable, large
area, position-sensitive detector based on a microchannel
plate (MCP) and a delay-line anode. The details of the set-up
can be found in Sharma and Bapat.30 A uniform electric field
of 60 V cm−1 is applied to extract the ions. The length of the
accelerating region is 11 cm, followed by a field-free drift
region of 22 cm. Ion ToF is measured by electron–ion coincidence. Measuring the ToF is a means to separate the ions
based on their mass/charge ratio and to obtain the component
of initial momentum parallel to the spectrometer axis. The
two transverse components are obtained by measuring, in
addition, the position of hit (x, y) of the ion on the detector
plane after flying through extraction and drift region. The
spectrometer is capable of detecting multiple ionic fragments
in a time-ordered manner, arriving within a time-window
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of 32 μs after being triggered by the ejected electron from
the ionization zone. Collision rates are kept sufficiently
low to avoid false coincidences (ionization rate <100 s−1 ),
enabling the determination of correlated kinematics between
ionic fragments. The ToF and position data can be converted
event-by-event into a momentum map of the fragments and
used for further analysis.
The momentum resolution for the three components
are calculated by taking the full-width at half-maximum
(FWHM) of the ToF and position distributions of ions from
a monoatomic gas. For this purpose, a control experiment
was performed using Ar as the target, under otherwise identical conditions. The spread in the momenta for the Ar+ account for the thermal width of gas beam, finite size of ionization source and all other errors collectively. Momentum
resolutions, in atomic units, are σpz = 10 a.u., σpx = 23 a.u.,
σpy = 24 a.u., which translates to a kinetic energy resolution
of 225 meV in the worst case.
B. Analysis of experimental data

First hit ToF spectrum of N2 and CO molecules are shown
in Figure 1; only the region that covers the fragmentation of
doubly ionized molecular ions are shown (In both cases, due
to almost same mass, the singly ionized parent ions appear at
6.574 μs mean ToF.). The first hit ToF spectrum shows the
ions that reach the detector first after fragmentation. All dications which have not dissociated within the flight time will
contribute to the first hit ToF spectrum along with the lightest
and
of the fragment ions formed by dissociation. Since N++
2
CO++ have same ToF, it is essential to ensure that there is
no cross-contamination across the two experimental runs. By
allowing a few days of pumping out time between runs, crosscontamination was nearly eliminated. This is confirmed by the
fact that the CO++ peak is very sharp, whereas N2 contamination would have broadened the peak to the shape shown in
Figure 1. Further, there is no peak in the N2 spectrum around
the positions where C+ and O+ would appear. The estimated
contamination error is less than 1%.
To measure the CSD-to-ND ratio, it is necessary to make
an accurate estimate of the counts of doubly ionized molecand CO++ and of dications that dissociate
ular ions of N++
2
via the CSD channel. The estimate of the counts of doubly
ionized molecular ions is obtained from the first hit ToF spectrum shown in Figure 1. Because the peaks for both dications in ToF spectrum are mixed with broader peaks from
fragment ions, accurate estimates are not easy. The CO++
peak lies on the overlapping tails of the C+ and O+ peaks,
peak lies over the broad N+ peak. To separate
while the N++
2
the contribution of the undissociated dication from the peak,
we note that the fragment ion peak results from a mixture
of ions arising from a multitude of several precursor states,
the width of the peak reflecting the kinetic energy distribution of the ions. The contribution from each state is approximated by a Gaussian function centered at the mean ToF, determined from the experiment. We carry out unconstrained
fitting of each ToF spectrum in the region 3.0–6.0 μs with
Gaussian functions. Twelve Gaussian functions are used for
the N2 spectrum and 18 for the CO spectrum. The residual
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FIG. 1. Partial first hit ToF spectra of N2 and CO, covering the range of doubly ionized molecular ions and the ions arising from their dissociation. Spectra
++ ) equal. The broken line (dots) is the cumulative fit using
are normalized to make the non-dissociated doubly ionized molecular ion counts (of N++
2 and CO
multiple Gaussian functions, as described in the text. It overlaps almost entirely with the raw data. The long dashed line shows peak of the undissociated dication
derived from the fit.

error between fitted and experimental spectra is less than 4%
at any point in the entire range considered. The fitted curves
are shown by dotted lines in Figure 1. Amongst all Gaussian functions needed to fit the entire range of ToF under
consideration, two very narrow Gaussians centered around
the peak of the dications (μ = 4.631 μs, σ = 0.0047 μs) and
(μ = 4.637 μs, σ = 0.0122 μs) with relative amplitudes
1:0.2 are common to both cases and their sum accounts for
the undissociated molecular dications. (The ToF distributions
of undissociated species would be very narrow, as the only kinetic energy they have is thermal.) The rest of the Gaussian
functions correspond to the broader features due to dissociation. The sum of the two narrow Gaussians is taken to be the
intensity of the undissociated dications. The robustness of the
fit is established by the fact that the ToF distributions of the
+
monocations N+
2 and CO are similarly well-fitted by a pair of
narrow Gaussian functions, (μ = 6.556 μs, σ = 0.0072 μs)
and (μ = 6.569, σ = 0.0243 μs) also in the proportion 1:0.2,
and this is common to the two species. Furthermore, the standard deviation of the fit for the monocations
(comprising the
√
sum of the two narrow Gaussians) is 2 times the standard
deviation of the fit for the dications (also comprising the sum
of two narrow Gaussians). This is consistent with the fact that

N++
→ N+ :N+
2

ToF-Hit2 [µs]

5.4

√
the ToF of singly charged ions would be 2 times the ToF of
doubly charged ions. In Figure 1, the ToF spectra are normalized in such a manner that the counts under the fitted N++
2 and
CO++ peaks, representing ND counts, are equal. In unnormalized spectra, the common peak for H2 O+ would appear idenand CO++
tical. The time correlation maps of CSD of N++
2
shown in Figure 2 are normalized by their corresponding ND
counts.
To obtain the correct CSD-to-ND ratio, we need to correct the recorded experimental cross sections for the intrinsic
detection efficiency of the detector. The detection efficiency
of the MCP depends upon the charge state and mass of the
detected ions.31 The upper bound of detection efficiency is
defined by open area ratio which in our case is 0.6. At the applied front plate bias of −2800 V, the detection efficiency for
++
is 0.52, while for the singly charged ions C+ ,
N++
2 and CO
+
+
N , and O , it is 0.50. These values have been taken from the
and
report by Liénard et al.32 The corrected counts of N++
2
CO++ are thus obtained by dividing the observed counts by
the corresponding efficiency. The observed counts from CSD
need a correction for the detection efficiency for pair coincidence measurement. We take this factor to be the square of
the singles counting efficiency, i.e., 0.25.
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FIG. 2. ToF Hit1–Hit2 correlation maps of the CSD channels N++
→ N+ :N+ and CO++ → C+ :O+ . The intensity in the correlation maps is normalized to
2
the respective counts of undissociated doubly ionized molecular ions. The colour (intensity) scale is common to the two maps.
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++ . In both plots, the histogram shown with a broken line is the observed spectrum, whereas the KER
FIG. 3. KER spectra of the CSD channel of N++
2 and CO
spectrum from 9.70 eV onwards, and to the CO++
spectrum after correction for losses is shown by the continuous line. Correction is applicable to the N++
2
spectrum from 8.50 eV onwards.

The observed number of ion pair counts requires further
correction due to loss in transmitting the ions. Transmission
loss arises due to two factors—finite size of the detector and
finite strength of the extraction field. The loss is a function of
the initial kinetic energy of the particles. In particular, there
is an upper limit of the kinetic energy, KElimit (4.85 eV in our
case), of an ion, which even when emitted perpendicular to
the extraction field, will be transmitted to the detector. Beyond
this energy, the transmission will depend on the angle of ejection of the ion. The loss factor is derived for a break-up into
two fragments having masses m1 , m2 (m1 < m2 ), assuming
isotropic emission of ions. The limiting value of the kinetic
energy release, KERlimit , taking into account momentum conservation rules for two-body break-up, up to which there is
full transmission works out to be (1 + m1 /m2 ) × KElimit .
The fraction of events lost for KER > KERlimit is equal to
(1 − KERlimit /KER)1/2 . The observed intensity in the KER
spectrum is corrected to the true intensity using the calculated
loss factor. In case of CSD of N++
2 , loss starts from 9.70 eV
KER and from 8.50 eV for CO++ . For CSD of CO++ , loss
starts from relatively less KER value because although the
momentum is shared equally in a two-body break-up process,
the kinetic energy of C+ is higher than that of O+ , for a given
KER. At 8.50 eV KER for dissociation of CO++ , C+ ions attain 4.85 eV energy and thus loss starts. The corrected KER
and CO++ are shown in Figure 3
spectrum of CSD of N++
2
with continuous lines. The counts of the CSD are taken from
the corrected KER spectrum. We have also considered the loss
because of the dead time (20 ns) of the multi-hit detection.
However, this loss turns out to be very small. The loss is 0.5%
at 1 eV KER for CSD of N++
2 , and it decreases as square root
of the energy.
The CSD channel appears as an island in the ToF Hit1–
Hit2 correlation maps in Figure 2. The intensity of the
island relates to the propensity of dissociation, while the
extent of the island reflects the distribution of the component of momentum of the ions along the spectrometer axis.
(The other components of momentum would be similarly distributed in the case of isotropic emission, and would show
up in the x, y image on the detector.) In Figure 2, the correlation maps are normalized to the counts under the peaks
of the non-dissociated dications, obtained from the fits in
the ToF-Hit1 spectrum. The normalization is carried out after

applying all corrections. The relative intensities in the correis less likely to dissociate than
lation maps show that N++
2
CO++ .
After including all the corrections discussed above,
is 0.07 and for CO++
the CSD-to-ND ratio for N++
2
it is 0.56. If the loss in transmission is not accounted
for, the CSD-to-ND ratios would be 0.04 and 0.38,
respectively.
The correction for the loss in transmission of ions not
only changes the CSD-to-ND ratios significantly but also
modifies the KER distribution itself, particularly at larger
KER values. It is important to note that the maximum KER
observed in the raw spectrum (about 30 eV in both cases) is
the correct limit of the largest KER of dissociation. That is because ions ejected along the spectrometer axis will always be
transmitted to the detector irrespective of their kinetic energy
up to an upper limit of qV , where q is the ion charge and V is
the maximum retarding potential in the spectrometer, which
is +180 V in this experiment. It is clear that the raw KER
data can be quite misleading because of various inefficiencies
and losses in the spectrometer. This point is often ignored in a
large number of reports. A systematic analysis of the losses is
not available in literature to the best of our knowledge. Based
on the estimates of the momentum resolution, the resolution
in KER spectrum for two body break up channels for equal
energy sharing is 300 meV, by error propagation of two independent variables. At this resolution we cannot determine
the KER contributions coming from each vibrational level as
has been achieved in other experiments.6 However, the contributions coming from various electronic states can be clearly
identified.

III. THEORY

We have performed ab initio calculations of the ground
electronic state of neutral molecules and the PECs of the dications to enable computation of various vibrational levels, their
tunneling life-times, their FC factors with respect to v = 0
level of ground electronic state, and the resulting KER values.
For repulsive states leading to dissociation, the distribution of
KER values are also computed.
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A. Calculation of potential energy curves

58

Electronic states of N2 and CO and their singly- and doubly charged molecular ions have been calculated under the
BO approximation. All states are calculated using MOLPRO
program package.33 The complete active space self-consistent
field (CASSCF) method and the multi-reference configuration interaction (MRCI) method have been used for the calculations using the standard correlation-consistent cc-pV5Z
basis set. The CASSCF wave functions have been chosen to
be of full-valence type, and have been used as the reference
function in the subsequent MRCI calculation. The electronic
states of N2 and its molecular ions are calculated in the finite
point group D2h , while for CO the C2v group is used. Stateaveraging has been employed in CASSCF calculations in order to allow for a balanced description of several electronic
states of dications. The symmetry of the computed electronic
states has been reassigned to the corresponding symmetry of
full symmetry group, i.e., D∞h and C∞v for N2 and CO, respectively. The atomic states of N, N+ , C, C+ , and O, O+ have
also calculated using same method and their relative energy
levels have been cross-checked values reported with NIST
database34 and other ionization data.35
Few PECs of doubly ionized molecular ions of N2 and
CO are shown in Figure 4 and Figure 5, respectively. Computed data for all calculated states are given in the supplementary material (Tables A 1–A 8).36 These PECs are plotted
relative to the lowest ground state vibrational level of their
neutral parents, N2 [1 g+ ,v = 0] and CO [1  + ,v = 0]. If vertical excitation is assumed, the excitation energy for the ground
++
ground state 1  + it
state 1 g+ of N++
2 is 42.49 eV. For CO
is 40.97 eV. These results are in agreement with the results of
other theoretical and experimental investigations.17, 19
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FIG. 4. A few low-lying PECs of N++
2 , plotted with respect to the ground
state of N2 ; 11 g+ , v = 0. FC region centered at 1.103 Å is shown by vertical
line. The values of the potential energy in the separated ion limit at 3 Å for
different CSD pathways of N++
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FIG. 5. A few low-lying PECs of CO++ , plotted with respect to the ground
state of CO; 11  + , v = 0. FC region centered at 1.135 Å is shown by vertical
line. The values of the potential energy in the separated ion limit at 3 Å for
different CSD pathways of CO++ are shown at the right edge: a(2 P:4 S) at
40.20 eV, b(2 P:2 D) at 43.54 eV, c(2 P:2 P) at 45.21 eV, d(4 P:4 S) at 45.54 eV,
e(4 P:2 D) at 48.88 eV.

All PECs are calculated up to an internuclear separation R = 3 Å, since at this distance, the nature of PECs is
almost entirely Coulombic and is appropriate for the identification of asymptotic limit. To identify the states of the separate atom (ion) limits of these dications, we match the potential energy given by the above curves to the value at the
same R of a Coulombic energy function of two singly charged
ions. The asymptotic function is taken to be Ea (i, j, R)
j
j
= E1i + E2 + k/R, where E1i and E2 are the electronic energies of the separated fragments that are calculated separately.
The value of the constant k is 14.40, when energies are in eV
and R in Å.
Although reasonably accurate PECs of some of the lowlying states of these molecules are available in literature, our
work requires that we calculate more number of states (at
least two for each symmetry). The high accuracy calculations
are by Bennett25 and Wu et al.7 Bennett25 has used
of N++
2
MRCI wavefunctions with cc-pV5Z basis sets, but report only
five PECs that support vibrational states. Recently, Wu et al.7
have calculated fifteen states (nine states supporting vibrational structure and six repulsive states) using MRCI calculations at the level of the cc-pV5Z basis set. However, since
their calculation does not take into account the vibrational distribution, their reported KER values are not vibrationally resolved. Further, they have considered only one dissociation
limit of N+ (3 P) + N+ (3 P). The maximum KER in their calculation is from the repulsive 11 u− state at 14.41 eV, which is
inadequate to explain the source of the broad peak observed
at 15 eV. In this study, we have calculated a larger number
of states (40) going up to 20 eV above the double ionization
threshold, as reported in the supplementary material.36
For CO++ , most accurate calculations are by Sedivcova
et al.27 and Eland et al.11 with similar accuracy. In order to

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
210.212.155.232 On: Fri, 28 Feb 2014 13:43:33

034319-6

Pandey, Bapat, and Shamasundar

understand life-times of meta-stable states, Sedivcova et al.,27
provide nine low lying PECs of CO++ , seven of them supporting vibrational structure and two repulsive ones, calculated at MRCI level with cc-pVXZ [X = 5, 6] atomic basis
sets. Eland et al.11 have reported calculation of seven lowlying states supporting vibrational levels using MRCI wavefunction and cc-pV5Z basis set. Among other works,9, 10, 26
Lablanquie et al. have reported all CO++ states lying in the
excitation range 35–60 eV. However, these calculations are
only at CASSCF level with much smaller basis sets. Further,
Lablanquie et al. report 3  state as ground state of CO++ as
well as the lowest state for vertical excitation, whereas accurate calculations show 1  + to be the lowest state for vertical
excitation. High accuracy calculations are necessary for obtaining accurate KER values, since PECs are very steep in the
FC region. In this work, we have calculated about 30 states,
which is a more comprehensive calculation on CO++ compared to that available in the literature. The computed data
are presented in the supplementary material.36

B. Franck-Condon factors and kinetic energy release

The FC region for the ionizing transitions is shown by a
shaded vertical region in Figures 4 and 5. The width of the region covers up to 3σ of the probability density distribution of
the v = 0 ground state of the neutrals. To investigate the contribution to dissociation of the states having a local minimum,
the vibrational levels supported in these minima and their tunneling life times have been computed. The states may be observed as stable, meta-stable or decaying in our experiment,
depending on how their life times compare to the mean ToF
of the stable dication. Molecular ions in vibrational levels that
are stable against tunneling contribute to the non-dissociative
cross-sections, while the ones that are unstable against tunneling or the ones that are excited to higher meta-stable and
repulsive electronic states contribute to the dissociative cross
sections. FC factors are calculated to determine the relative
population in stable and meta-stable states, using LEVEL8.0
codes.37 The PECs of N2 and CO and their dications calculated from the MOLPRO codes are used in these calculations.
The KER values for PECs supporting at least one vibrational level are calculated as the difference between the energy of the vibrational level and the asymptotic limit energy
of the electronic state. For repulsive electronic states, the KER
is actually a distribution centered around the KER value resulting due to a state formed from a vertical transition from
the equilibrium bond-length of the neutral, dissociating to its
corresponding asymptote. The width of the distribution corresponding to a repulsive state is obtained by mapping the probability distribution of the ground vibrational states of neutrals
across the given repulsive PEC.
While calculating the KER distribution it is necessary to
take into account the probability of the states being accessed,
which is specific to the perturbing agent. In the case of high
energy electron impact, where there are no selection rules, the
probability of excitation to a state at an energy  above the
ground state is known to be38 proportional to 1/ 2 . Hence, the
amplitude of a particular transition contributing to the KER
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distribution is corrected by a factor proportional to 1/ 2 , the
proportionality factor being different for the two dications.
We do not attempt to fit a combination of the excitation functions at different excitation energies to match the experimental
KER distribution. Our focus is on explaining the features in
the distribution.
The KER values derived from the computed PECs cover
almost the entire range of KER observed in the experiment.
The computed PECs cover up to 20 eV excitation above the
double ionization threshold. We expect the contribution from
even higher lying states to be less important based on two
reasons. The first reason is that the excitation probability for
the present collision system, as has been discussed above, decreases as an inverse square function of the excitation energy.
So the higher lying states will be less populated in the collision with respect to lower lying states for a given charged
species. The second reason is that higher lying states will be
mostly of repulsive nature and thus they will always lead to
larger KER values, and contribute mainly to the tail of the
KER distribution. It should be noted that the major features
as well as CO++ KER spectrum are below 22 eV,
in the N++
2
which we have been able to explain with the states we have
computed.
IV. RESULTS
A. KER distributions

Three categories of states need to be considered to explain the KER distributions. Only vertical transitions are considered. The first category is of states that support vibrational
levels and are relatively stable against tunneling. States of this
category will not contribute to dissociation if only tunneling
is responsible. The second category is of states that support
vibrational levels, but are unstable against tunneling for several vibrational levels. The third category is of states that are
either purely repulsive or support a few vibrational levels with
relatively small FC factors (<10−3 ) and decaying from the FC
overlap region.
As described earlier, the KER distribution for CSD via
repulsive states of doubly ionized molecular ions is obtained
by reflecting the probability distribution of ground vibrational
level of ground electronic state of neutral parent across the
PEC in the FC region. The KER distribution corresponding
to that PEC is then a Gaussian function whose area is proportional to the magnitude of the transition function which
as described earlier varies as 1/ 2 . The experimental KER
spectra and the computed contributions from different states
for the two dications appear in Figures 6 and 7. The vibraand
tional levels having FC factor greater than 10−3 of N++
2
CO++ are shown in Figure 8. The details of vibrational levels
and CO++ are given in the supplementary material
of N++
2
(Tables B 1–B 11).36
We first consider the case of N++
2 , referring to Figures 4
and 8 and Table C1 given in the supplementary material.36
The states 11 g+ and 13 u+ can be placed in the first category
as their tunneling contributions are from higher vibrational
levels with small FC factors. The states 13 u , 11 u , 13 g− ,
13 g , 21 g+ , 11 u+ fall in the second category. From Figure 8,
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This state crosses to several other electronic states having stable vibrational states and hence may indirectly contribute to
KER.
The experimental KER distribution shows distinctive
peaks around 6.5 eV, 7.5 eV, 10.0 eV, and 15.0 eV. The electronic states responsible for the first two peaks are clearly
the meta-stable states identified above. The peak around
10.0 eV can be attributed clearly to the repulsive states 31 g+
and 11 g , giving rise to KER values centered at 10.01 eV and
10.72 eV. This is to be contrasted with the report of Lundqvist
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it can be seen that the KER from tunneling vibrational levels
of these electronic states ranges from about 6.0 eV (for 13 g−
state) up to 8.0 eV (for the 13 g state). In fact, all meta-stable
vibrational levels of these states have very small FC factors,
the largest value being 0.1. These vibrational levels have life
times of up to few milliseconds. If tunneling were the only decay mechanism, then only these state levels would contribute
to the CSD channel. Although the 11 g state is deep enough
to support five vibrational states, all of them have very small
FC factors (due to minimum being far away from FC region).
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tunneling of vibrational levels (bars).

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
210.212.155.232 On: Fri, 28 Feb 2014 13:43:33

4

6

7

8

9

2

3

3 1 Σ+

23 Σ+
13 Σ+

11 Π
11 Σ+

13 Πg

1 Πu

13 Πu
5

KER [eV]

4

13 Π

3

CO++

21 Σ+

2

0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2

11 Σ+
u

1 1 Σ+
g

1 3 Σ−
g

N++
2

1

0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2

J. Chem. Phys. 140, 034319 (2014)

2 1 Σ+
g

Pandey, Bapat, and Shamasundar

FC factor

034319-8

5

6

7

8

9

KER [eV]

++ having FC factor greater than 10−3 are shown with respect to the KER that would be obtained upon dissociation
FIG. 8. Vibrational levels of N++
2 and CO
from this state. Each vibrational level is shown by a bar of height equal to the FC factor. The FC factors for vibrational levels which are found to be stable
against tunneling are shown with negative sign. The positive FC factors have been multiplied by 5.0 to enhance their visibility.

et al.,6 who had tentatively assigned the broader KER structure at 10 eV to the purely repulsive 11 g state. Lundqvist
et al.6 have observed the feature at 15 eV but have provided
explanation for features only up to 12 eV, based on the calculations by Senekowitsch et al.24 and Olsson et al.,23 the latter
being limited in the number of PECs calculated. As shown
in Figure 6, a large number of higher lying states which are
purely repulsive in the FC region contribute to the KER distribution at higher energies. Since the state density in this range
is very high, it is not possible to make an exact correspondence between the state and the structures in the KER distribution beyond 11 eV. However, our calculations do predict a
large number of states around a KER value of 15.0 eV, where
the experimental spectrum also shows a prominent feature. It
is interesting to note that this feature is hardly seen in the raw
KER spectrum, emphasizing the importance of correcting the
raw KER spectra for losses and inefficiencies of the spectrometer; this will be seen once again in the KER spectrum of CSD
of CO++ .
Now, we consider CO and referring to Figures 5 and 8
and Table C 2 given in the supplementary material.36 The
states 11  + , 11 , and 13  + can be identified to belong to the
first category. These states have several stable vibrational levels and tunneling occurs only for levels that are very high. The
FC factors for these high vibrational levels are very small. On
the other hand, 13 , 21  + , 31  + , and 23  + are in the second
category. These states support vibrational levels which have
modest FC factors (about 0.02 to 0.1) and dissociate through
tunneling.
In contrast to N++
2 , the KER distribution for CSD of
++
CO has a much richer structure. It has a relatively broad
low-intensity peak at 2.8 eV which is well-separated from two
narrower peaks at 6.0 eV and 9.5 eV. From Figure 8, it can
be seen that the vibrational states with significant tunneling
contribute to KER starting from 6.7 eV (for 13  state) up to
8.0 eV (for 31  + state). If only tunneling were the sole mechanism for dissociation, there would be no contribution from
vibrational levels to KER values less than 6.7 eV. Therefore,
the KER peaks at 2.8 and 6.0 eV cannot be explained without
invoking other dissociation mechanisms. As shown in upper
panel of Figure 7, at higher KER values beyond 8.6 eV only
repulsive states contribute, starting with states 11  and 23 ,
readily explaining the KER peak at 9.5 eV.

Apart from tunneling, two other dissociation mechanisms
are possible. The first mechanism is based on predissociation
where the stable vibrational states of an electronic state couple to continuum states of a repulsive state via non-adiabatic,
spin-orbit and other interactions leading to dissociation. From
Figure 5, the states 13  − , 11 , and 23  are the possible
candidates through which some of the seven electronic states
belonging to first and second category may undergo predissociation. Assuming weak coupling of crossing states, the vibrational levels closest to the crossing point will contribute
significantly to predissociation. The FC factors of such vibrational levels pre-dissociating through 11  and 23  states are
found to be insignificant (less than 0.005) and these levels
are unlikely to be populated. The KER values for predissociation of 13  − state through different states are as follows.
11  + : 6.56 and 6.78 eV, 21  + : 9.76 eV, 11 : 6.35 eV, 13  + :
8.24 eV, 13 : 6.12 eV. The FC factors are significant (>0.1)
only for 11  and 13  states. Therefore, the KER peak at
6.0 eV will receive significant contributions from both of
these states. Tarisien et al.10 have identified the origin of this
peak to be the vibrational levels of 13  state; our calculated
PECs enable us to clarify that this happens through strong predissociation of 3  and 1  states via repulsive 3  − state and
not via tunneling.
Although predissociation from lower vibrational levels
may contribute to KER below 6.0 eV (estimated lower limit
is 2.3 eV), the couplings are not expected to be significant as
these levels are far from the relevant crossing-points. Therefore, it is not possible to explain the KER peak at 2.8 eV on the
basis of predissociation. A possible mechanism is dissociation
from a highly excited electronic state of singly ionized CO+∗
lying between the lowest CSD asymptote of CO++ and the
double-ionization threshold of CO (the latter is about 5.5 eV
above the former). Such a state, if accessed during electronimpact ionization, will be autoionizing and undergoes dissociation to the lowest CSD asymptote of CO++ . This possibility has been established by Hsieh and Eland3 who report
that the KER distribution arising purely from autoionization
of CO+∗ extends up to 4.7 eV KER. Their reported distribution is very similar to ours. This channel has been further
investigated by Osipov et al.,5 who have proposed that CO+∗
first dissociates to C+ and O∗ , followed by O∗ autoionizing
to O+ .
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The main reasons for differences in the KER spectra of
the two species can be understood qualitatively with the aid
of the PECs shown in Figures 4 and 5. The crossing of the
meta-stable states with repulsive states occurs at a much larger
as compared to
bond-distance from the FC region in N++
2
,
these
crossings
occur
only
beyond 1.5 Å,
CO++ . In N++
2
whereas in CO++ , several such crossings (with 13  − and 11 
repulsive states) occur within 1.5 Å. Further, in N++
2 , most of
the repulsive states involved in crossings are not effective because they dissociate to the same asymptote as the meta-stable
states they cross with. In contrast, in CO++ , most meta-stable
states (except 13 ) dissociate to a higher asymptote (C+ :2 P
and O+ :2 D), whereas the repulsive state 13  − which crosses
with most of them dissociates to the lowest asymptote (C+ :2 P
and O+ :4 S). Since only triplet and quintet states are possible
for the lowest asymptote in CO++ , all the singlet states necessarily dissociate into a higher asymptote. The calculations
of spin-orbit interaction by Sedivcova et al.27 show that in
CO++ , 13  − has strong coupling with 11  + and 11  states
which are facile pre-dissociation channels.

B. CSD-to-ND ratios

The experimental values of the CSD-to-ND ratios for
and CO++ , after applying all corrections, are 0.07 and
N++
2
0.56, respectively. In the case of CO++ , both predissociation
and autoionization contribute to CSD, which is clearly not the
case for N++
2 . If only autoionization of highly excited states of
CO+∗ contributes as major source of indirect process, CSDto-ND ratio would be comparable to the CSD-to-ND ratio of
(region r1 in Figure 9). If we exclude the contribution
N++
2
to CSD arising from autoionization by removing the counts
in KER distribution up to 4.7 eV (region r1 in Figure 9) and
instead include those counts in the ND channel, the CSD-toND ratio becomes 0.44. Further, if predissociation of 11  and
13  through 13  − is separated collectively with the autoionization contribution by removing all counts from the KER
distribution up to 7.2 eV (region r1 and r2 ) and instead considering them as non-dissociative, the CSD-to-ND ratio will
become 0.32 that is again more than four times larger than
case. As seen earlier, predissociation through 13  − can
N++
2
in fact contribute up to 9.8 eV and beyond. Even if we make
the drastic assumption that all counts in KER distribution of
CO++ up to 10.8 eV arise from predissociation and autoionization (region r1 , r2 , and r3 ) and exclude them from the CSD
yield, though there will be a significant contribution in that
KER range from repulsive curves, the CSD-to-ND ratio is
0.17. Even after accounting for the contributions of indirect
dissociation process that could be identified in this study, the
CSD-to-ND is higher in CO by a factor of 2. This shows that
predissociation from higher lying states that will contribute in
the KER spectrum above 9.8 eV is still significant. Though,
in the range above 9.8 eV, identification of KER features is
not possible, the underlying mechanism is profoundly nonadiabatic, as in the lower KER range.
Since the total FC factors for these molecules are
quite similar, we can assume that total number of dication
molecules produced are roughly equal. Moreover, the total

J. Chem. Phys. 140, 034319 (2014)

FIG. 9. CSD and ND fractions of (a) N++
and (b) CO++ are shown in the
2
figure. In case of CO++ , CSD yield is shown in four parts as discussed in the
text. Region r1 represents CSD fraction corresponding to KER values below
4.7 eV. This region covers autoionization of high lying states of CO+∗ . CSD
corresponding to the KER range from 4.7 to 7.2 eV largely arises from predissociation of 11  and 13  through 13  − and is shown as region r2 . Region
r3 covers counts in the KER spectrum up to 10.8 eV that can arise from all
known possible predissociation and autoionization channels (for details, see
text). Region r4 represents counts corresponding to KER value greater than
10.8 eV.

double ionization cross section for these molecules are nearly
identical.28 We can, therefore, estimate the ratio of total nondissociative cross-sections of both dication as well as the ratio of their CSD cross-sections based on the observed CSDthus
to-ND ratios. The non-dissociative cross-section of N++
2
turns out to be 1.46 times that of CO++ , while the CSD crosssection of CO++ turns out to be more than 5 times that of
N++
2 , which is also seen in Figure 9. The discussions at the
end of Subsection IV A based on features of PECs provide
support for this conclusion.

V. CONCLUSIONS

We have performed a combined experimental and theoand CO++
retical comparative analysis of the CSD of N++
2
molecular ions. For both dications, we have provided a comprehensive set of PECs using MRCI calculations at the level
of the cc-pV5Z basis set. The KER spectrum for CSD of
these dications has been determined and the importance
of correcting the raw experimental KER data for transmission losses and detection inefficiencies prior to interpretation has been emphasized. An approximate excitation probability function is taken into consideration in determining
the contribution to the KER from a particular excitation.
The major features of the KER spectrum of CSD have
been clarified on the basis of ab initio calculations of the
PECs. With the help of calculated PECs and their KER, we
could resolve a few unidentified structures in the observed
KER spectrum that have been either not attempted or not
fully understood earlier. While the KER spectrum of N++
2
can be readily explained in terms of repulsive or tunneling states, in the case of CO++ , recourse has to be taken
to indirect dissociation channels, namely, predissociation and
autoionization.
The CSD-to-ND ratio for these dications has been estimated from experimental data and found to be much larger
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in the case of CO++ as compared to N++
2 . The relative significance of direct and indirect processes is found to have a
bearing on the CSD-to-ND ratios. By exploiting the information about the sources of the features in the KER spectra of the
two species, we have been able to separate out the autoionization and predissociation contributions in the lower range of
KER values to the overall dissociative yield. These indirect
processes do not contribute as much to CSD in the case of
as they do in the case of CO++ , and this partially exN++
2
plains the higher CSD-to-ND ratio for CO++ . Since autoionization and curve-crossing predissociation processes fall under non-BO dynamics,39 our work shows that these processes
play a significant role in the CSD of CO++ , but not much in
the case of N++
2 , indicating the effect of asymmetry in nonBO dynamics.40
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a b s t r a c t
We address the effect of transmission losses on the measured kinematic parameters of molecular fragmentation processes in a time-of-ﬂight based ion momentum spectrometer. We suggest means to correct
for these losses for two-body fragmentation having isotropic distribution. As an example, we discuss
the kinetic energy release spectrum observed in recoil ion momentum spectrometer of doubly ionized
nitrogen molecules formed upon high energy electron impact. Further, we highlight the difﬁculties in
calculating losses in many-body fragmentation and anisotropic emissions and show that such effects
cannot be accounted without employing additional information about the process. In many cases, such
information cannot be extracted from the observed data in the experiment and thus we have to rely on
careful assumptions.
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1. Introduction
Dissociative ionization of molecules is a much studied process
as it is a prototype for the evolution of a quantum mechanical
many-body system from a bound state to a multi-particle continuum. Since the time scales of ionization and dissociation are quite
different, the DI process is seen as a two-step process – electron
removal, followed by separation of atoms and ions constituting
the molecule. The formation of a transient molecular ion marks
the division of the two steps, and a study of the kinematics of
the dissociating partners is a means to discovering the properties of the transient molecular ion. The advent of the sophisticated
experimental technique of multi-particle coincidence momentum
imaging has propelled such studies immensely, enabling nearcomplete measurement of the kinematics of the fragments in many
instances. Several parameters that characterize the DI process, such
as kinetic energy release (KER) spectrum [1–3], studies concerning
the metastable molecular ions [4,5], anisotropy of the fragmentation [6,7] as well as cross sections and branching ratios [8–13] of
various channels have been investigated for many molecules. Since,
literature is very extensive on the properties of dissociative ionization, we are mentioning a few references, preferably on diatomic
molecules, on these kinematical parameters. The greatest power

∗ Corresponding author. Tel.: +91 7926314561.
E-mail addresses: amrendra@prl.res.in, amrendra.akp@gmail.com (A. Pandey).
1387-3806/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijms.2014.01.022

of this technique lies in its ability to address the dynamical evolution of the unstable or metastable molecular ions by measuring
the complete momentum vector of each fragment created in the
fragmentation process, covering thereby the complete phase space
spanned by the fragments. Thus, at least in principle, it becomes
possible to obtain very high order differential cross-sections for
these processes – encompassing, naturally, the commonly known
and useful kinetic energy and angular distributions of the fragments
[14–18].
In this article, we present an analysis of the errors in measured
kinetic energy release (KER) distribution, anisotropy and relative
cross sections arising because of energy dependent transmission of
the ions through the spectrometer. We ﬁrst discuss means to calculate the transmission loss factor for a charged particle for isotropic
and anisotropic distributions. We then obtain the loss factor for
two-body fragmentation and the corrections to the KER spectrum
assuming isotropic distribution of fragmentation. As an illustration,
we analyze the KER distribution of charge symmetric breakup of
doubly ionized N2 molecule. The correction because of dead time
loss for this channel has also been taken into account. We address
the problem of obtaining a general function for loss factor correction for three-body fragmentation. The problem of determining
anisotropy if the losses are present is also discussed. We ﬁnd that
in cases where anisotropy exists, losses cannot be accounted for
on the basis of the recorded data alone, precluding a conclusion
about the nature of the anisotropy. In addition to the losses discussed here, there are other losses due to non-ideal transmission
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Fig. 1. A cross sectional view of Newton sphere, NSo of radius Plim , centered at O is shown in the y-plane. Three other Newton spheres, NSa , NSb , NSc corresponding to
momentum greater than Plim are shown truncated. Only the part of the Newton spheres shown here will be within detector size upon transportation, the remaining part will
not be detected. The lost part of the Newton spheres is parametrized by ˛, the complement of the polar angle made by the radius vector at the point of intersection of the
Newton sphere with the tangent (T) x = P⊥lim . s is the distance between the ionization region and the detector D.  is the polar angle deﬁned with respect to spectrometer
(z-)axis. The projection of the Newton sphere, NSo is shown by the shaded area on the detector. For simplicity, the conversion factor from momentum space to the distance
is taken to be unity, and thus the range of the projection on the detector plane is shown having same radius as of the Newton sphere.

of the meshes in the spectrometer and inefﬁciency of the detectors,
which though important, are separate from the main issue of this
article. A discussion of these factors can be found in Ma et al. [19]
and Liénard et al. [20].
2. Measurement of kinematic parameters
In most collision experiments the initial orientation of
molecules before interaction with the projectile is generally random, though induced orientation may be seen in the case of intense
laser ionization [21]. Molecular fragmentation rarely results in a
unique fragment kinetic energy value and thus there will be a set
of Newton spheres for a given ion created in the fragmentation
process centered at ionization source. In an ion momentum spectrometer the measurement of the momentum vectors is usually
carried out by transporting and projecting the ions by means of
electric and magnetic ﬁelds on to a planar imaging detector. The
component of the momentum parallel to the spectrometer axis
is obtained from the time-of-ﬂight (ToF) of the ion after passing
through the electric and magnetic ﬁelds [22]. For a given ion ToF
a correspondence between the observed position on the detector
plane with the Newton sphere is maintained in experiments and is
used to calculate the other two momentum components perpendicular to the spectrometer axis by inverse mapping.
There is an upper limit on the kinetic energy for a given ion
for complete transmission of the Newton sphere, introducing two
type of imperfections in the observed quantities. First, the relative distribution of Newton spheres of different ions observed
in the fragmentation process gets distorted. Second, the distribution of high energy ions of a particular species may appear to be
anisotropic, when in fact it is merely that ions emitted in certain
directions could not be transmitted to the detector. Furthermore,
since loss depends on the kinetic energy of the ions, the loss fraction
of a given species for two different fragmentation pathways will be
different depending upon their kinematics, resulting in distortion
of the relative cross sections for different fragmentation pathways.

extraction ﬁelds are applied. The detector plane is at z = s. The region
between the source and the detector may have one or more ﬁelds,
or a ﬁeld free region; these details do not signiﬁcantly alter the discussion to follow. Ions on a given Newton sphere of radius P, will
have a range of ﬂight times distributed around a value t0 corresponding to the ﬂight time t0 of ions created in z = 0 plane on the
Newton sphere. Because there is no ﬁeld applied in the transverse
direction, transverse momentum P⊥ is not affected in transmission
to the detector. As a result, there is a one to one correspondence
between the position on the detector plane and the points on the
Newton sphere. The mapping of the Newton sphere from momentum space to the detector plane is given by the equations r = t P⊥ /m.
The ﬂight time and the longitudinal component of the momentum
are related by a one-to-one function depending on the spectrometer parameters. When the ion kinetic energy P2 /2m is much less
than the energy gain in the extraction ﬁeld, qEs , to a good approximation, we have t0 − t = P|| /qEs . The distribution of the intensity on
the detector plane, shown in Fig. 1 by shaded the area, is for an
isotropic Newton sphere and has been discussed by Amitay et al.
[23]. Note that the projection of the Newton sphere on the detector
plane has its maximum at  = /2 and decreases rapidly for smaller
. This point will be again emphasized in Section 4.1.
An ion formed in the ionization region will be detected only
when P⊥ ≤ R × m/t, where R is the active radius of the detector. Corresponding to the limiting value P⊥lim beyond which loss starts, is
an angle ˛ = cos −1 (P⊥lim /P), Fig. 1, which parametrizes the lost part
of the Newton sphere. The solid angle corresponding to the portion
of the Newton sphere that will fall outside the detector is 4 sin(˛).
So the loss factor for isotropic emission of particles is



LF(P) = sin cos−1

A schematic diagram of the spectrometer and a typical Newton
sphere centered at the ideal point source (taken as the origin) are
shown in Fig. 1. The +z-axis is the spectrometer axis, along which

⊥ lim

P



(1)

For the anisotropic case, if function f(, P) : 0 <  <  represents
the anisotropy of Newton sphere of radius P, then the loss factor
for the momentum P will be given by
LF(P) =

3. Analysis of losses

P

 /2+˛
/2−˛




0

f (, P) sin()d

f (, P) sin()d

.

(2)

Note that in Eq. (2),  is deﬁned with respect to the spectrometer axis to simplify the expressions. If the Newton sphere has
anisotropicity about some other axis (e.g. the projectile beam), the
function f(, P) must be deﬁned accordingly.
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discrimination (as is the case for high KE ions emitted at large angles
to the spectrometer axis). Hence the upper limit of the kinetic
energy of the ion will be known from the ToF distribution even
for an otherwise lossy spectrometer. The limiting KE value lim for
complete transmission can be obtained analytically or by a particle trajectory simulation for the given spectrometer conﬁguration
as described earlier. Thus the loss factor for that ion can be well
accounted for and hence the correction to the partial cross-section
for that species can be readily made.
Another loss factor comes in due to the deadtime (td ) of the
detector and the signal processing electronics. If the two ions
in a breakup have nearly equal ﬂight times, then they may not
be detected as separate particles, thereby reducing the apparent (observed) yield for that channel. The problem is particularly
important when the two ions have the same m/q ratio. The general
expression for ToF of an ion can be written as

loss angle,α [ º ]

90

T

loss factor, LF [ %]

100

10

lim

Fig. 2. Loss angle and loss factor for an ion are shown as a function of multiples of
⊥lim . There will be no transmission loss for Newton spheres having radius less than
⊥lim .

It is useful to rewrite the loss factor in terms of particle’s kinetic
2
energy . Corresponding P⊥lim we deﬁne ⊥ lim = P⊥
/2m, in terms
lim
of which the loss factor for isotropic distribution is
LF() =



1−

⊥ lim


1/2

(3)

The loss angle and loss factor as a function of the particle’s energy
are plotted in Fig. 2.
4. Effect of losses on kinematic parameters in a two-body
breakup
In a fragmentation leading to two or more atoms or ions, the sum
of the kinetic energies of the fragmentation partners, also called the
kinetic energy release (KER) is of interest.
Consider a fragmentation process AB → A + B (mA ≤ mB ), with
KER = A + B . The conservation of linear momentum implies
(A × mA = B × mB ) that the lighter fragment will always have larger
kinetic energy. Consequently the loss factor will be effectively
determined by the loss of lighter fragment and the limiting value
of the kinetic energy up to which there is complete collection will
be given by



KERlim = A⊥ lim × 1 +


mA
mB

(4)

In terms of KER, the loss factor for two-body fragmentation can
be written as



LF(KER) = 1 −

KERlim
KER

1/2
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(5)

The loss factor is a function of the kinetic energy of an ion, but
independent of its mass. Since in a two-body breakup the kinetic
energies of the partners are in inverse proportion of their masses,
the loss factors will in general be different for the two fragments.
This characteristic affects the measured energy-differential and
partial cross-sections as well as the branching ratios. More importantly, since the loss angle for lighter species is always larger than
the heavier one, many pair coincidences will be recorded as singles
in two-body fragmentation. For many-body fragmentation having
additional complications, multiple fragmentation events will be
recorded as a lower order events than they truly are. This means
that in most cases the measured branching ratio for multiple ion
fragmentation will be incorrect. However, for a pair breakup in
which the kinetic energy is measured, a reasonable correction can
be applied because of a peculiar property of a ToF device. An ion
emitted along the axis of a ToF device will be recorded without

 m 1/2

t=a

q

−

P||
qE s

(6)

where Es is the ﬁeld strength in the extraction region and a is related
to other spectrometer parameters. Since two identical ions (such as
) will always have the same magN+ , N+ from the breakup of N2+
2
nitude of the momentum, they will be detected as separate only
when their parallel components of momentum satisfy the condition
(2P|| /qEs ) > td . This means that for any value of KER in a two-body
breakup, there will be a loss of detected ion pair coincidences. From
this relationship, we ﬁnd that for isotropic emission the loss fraction
√
due to deadtime reduces√with the radius  of the Newton sphere
being sampled as td qE s / 8m. A discussion on the loss because of
the deadtime can be found in Ali et al. [24].
4.1. Case analysis
The process studied is electron-impact dissociative double ionization of N2 . There are many fragmentation channels observed
in the experiment, here we take one channel for analysis of loss
correction:
N2 + e− −→ N+ + N+ + [3e− ]
This fragmentation channel does not indicate any metastable
. Fragmentation channels involving
properties for transient ion N++
2
metastability that have been observed in many cases [25], would
be rather complicated to analyze for loss corrections and is not discussed here. In the experiment, molecular ions are created by high
energy (1.3 keV) electron impact on an effusive molecular beam in
a crossed-beams geometry. The ions are mass and momentum analyzed by a recoil ion momentum spectrometer (RIMS) as described
in [26]. In brief, RIMS consists a single ﬁeld time-of-ﬂight (ToF)
mass spectrometer combined with a multi-hit capable, large area,
position-sensitive detector based on a microchannel plate and a
delayline anode. The active diameter of MCPs detectors used in the
setup is 76 mm. A uniform electric ﬁeld of 60 V cm−1 is applied to
extract the ions. The length of the accelerating region is 110 cm,
followed by a ﬁeld-free drift region of 220 mm. Ion time-of-ﬂight is
measured by an electron–ion coincidence. Measuring the time-ofﬂight is a means to separate the ions and to obtain the component
of initial momentum parallel to the spectrometer axis. The two
transverse components are obtained by measuring, in addition,
the position of hit (x, y) of the ion on the detector plane after
ﬂying through extraction and drift region by delayline anode. Collision rates are kept sufﬁciently low to avoid false coincidences,
enabling the determination of correlated kinematics between ionic
fragments. The time-of-ﬂight and position data can be converted
event-by-event into a momentum map of the fragments and used
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Fig. 3. KER distribution for the fragmentation channel N++
→ N+ :N+ is shown. The
2
observed KER from RIMS setup [26], operated in the condition described in the text,
is shown by dots. The KER distribution corrected for the transmission loss and dead
time loss is shown by vertical lines. Up to 9.70 eV, transmission loss because of
ﬁnite detector size is zero, however the dead time loss decreases with KER and thus
effective for the lower KER range. Loss factors due to incomplete transmission and
ﬁnite deadtime are shown in the inset. Our spectrum is compared with the Dopplerfree measurement of the KER distribution (DFKER) by Lundqvist et al. under 200 eV
electron impact [1].
reproduced with permission from Institute of Physics Publishing Limited.

for further analysis. Correlated kinematics between ionic fragments
are used to deduce KER spectrum of fragmentation channels.
The KER spectrum of fragmentation of N++
into N+ , N+ is shown
2
in Fig. 3. The observed KER spectrum from the RIMS setup is shown
by dots. The KER spectrum is plotted with 300 meV bin size, which
represents the energy resolution for the two-body breakup. The
loss corrected KER is shown by vertical lines. Loss because of
ﬁnite detector size starts from 9.70 eV and increases with KER,
whereas loss because of the dead time is signiﬁcant only in the
lower KER range. For the 60 V cm−1 ﬁeld applied in the spectrometer and a 20 ns estimated deadtime of the detection system, the
loss due to deadtime
of detection for the N+ , N+ pair is calculated
√
to be 0.155/ KER. The loss factors due to incomplete transmission and ﬁnite deadtime are also shown in the inset of Fig. 3. It is
very interesting to note that a peak appears at 10.5 eV in the corrected spectrum, which was very weak in the raw spectrum. This is
because the loss factor is a very rapid function of the KER initially.
As shown in Fig. 2, for an increase in KER by 50% above KERlim ,
loss increases by 60%. The peak at 10.5 eV has been observed in
experiments in which transmission losses are negligible. One such
spectrum, DFKER spectrum reported by Lundqvist et al., is shown
in Fig. 3 [1]. There is one more broad structure in the KER spectrum
at 15 eV, which becomes prominent after applying the corrections.
This analysis clearly shows the importance of loss corrections in
obtaining an accurate KER distribution. The cross-section for the
breakup channel (N++
→ N+ + N+ ) is thereby corrected upwards
2
by 30%.
5. Loss analysis for other cases
5.1. Triple fragmentation
There are several complications that make it impossible to
generalize the analysis of losses in three-body or higher fragmentations.
The breaking of the bonds may be simultaneous or step-wise. In
a concerted breakup all fragments are ejected simultaneously and
thus the conservation of momentum is described by a single equation relating all the fragments. In a sequential breakup, the order of

fragmentation will decide the conservation rules relating the fragments in the momentum equations [27–29]. It is also necessary
to know that how much KER is released in each step separately.
Depending on the masses of the fragments and kinetic energies
release evolved in each step of the fragmentation, it may be possible to identify the fragment that is most likely to be lost, and
a correction to the partial cross-section for that channel may be
calculated.
There are several possibilities for the shape of the molecule
and the transient molecular ion even for a triatomic molecule. The
transient molecular ion may have more than one conformation as
have been shown in many reports [30–33]. The momentum sharing
between the fragments depends on the geometry of the transient
molecular ion. For instance, in the complete atomization of a triatomic molecular ion in a linear geometry, the central fragment
will have zero momentum, and only the terminal fragments will
gain equal momentum after dissociation. Consequently, the loss
factor will be governed by the lighter of the two terminal atoms.
Whereas for a transient molecular ion having an equilateral triangle geometry, all fragments will have equal momenta (in case of
concerted breakup) and the loss in recorded triple breakup events
will be governed by the fragment having the smallest mass.
Cases in which geometry of the molecule has no obvious symmetries are even more difﬁcult to handle because more momentum
components appear in the breakup process. Calculation of losses for
the processes having more than three-body fragmentation are even
more complex because of the presence of more intermediate steps
and involved geometries and consequently become less reliable.
5.2. Measurement of anisotropy
In a collision process, the directional dependence of the interaction Hamiltonian is a function of the momentum transfer (in
the case of charged projectiles) or the polarization (in the case of
photons). Since in a collision experiment all transverse directions
of momentum transfer are equally likely, the resultant fragment
distribution is anisotropic in the polar angle w.r.t. the projectile
direction and symmetric in the azimuthal angle. In the case of photons similar considerations hold with the polarization vector as
the reference axis. The loss patterns of the fragment ions in the
anisotropic case then depend on the geometry of the spectrometer.
If extraction of ions take place in the direction perpendicular to the
plane of containing the projectile and target beams, anisotropy of
the fragment distributions will show up as an absence of azimuthal
symmetry on the detector plane. Geometries in which projectile
direction and spectrometer axis are the same, the azimuthal symmetry would be maintained.
The degree of anisotropy is expressed by ˇ parameter [34].
If there are losses in transmission, the value of ˇ derived from
an apparently asymmetric distribution may give a wrong conclusion about the anisotropy and thus the nature of interaction. For
instance, if the Newton sphere has a distribution which is more
intense along the extraction axis, then the lossy nature of the spectrometer will lead to an apparent enhancement of the anisotropy.
On the other hand, if the true anisotropy is such that there is
enhanced intensity perpendicular to the spectrometer axis, the
intensity distribution appear to be less anisotropic. In general the
anisotropy inferred from the observation would be wrong. In these
cases, it is mandatory to conﬁrm that there are no transmission
losses.
6. Conclusion
We have obtained the general equation of the solid angle from
which energetic ions formed in molecular fragmentation will be
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lost in transmission in a typical ion momentum spectrometer.
We have obtained expressions for the loss factor and the limiting value of the kinetic energy for the transmission of a single ion
created in the ionization region. The loss factor in the KER spectrum of two-body fragmentation of a molecular system has also
been derived. Effect of difference in the masses of fragments on the
reliability of the KER spectra, cross-sections and branching ratios
has been brought out. For three- or more than three-body fragmentation, loss depends on the geometry of the molecular ion
as well as the fragmentation pathways. We have also discussed
the effect of transmission loss on the anisotropy measurements
and the limitations in obtaining a correction scheme. We conclude
that, it is essential to perform the analysis of losses in such studies to get the correct picture of the fragmentation processes in all
cases, and while it is possible to apply corrections to two-body fragmentations, it is not possible to do so in a generalized manner for
three-body and anisotropic breakups.
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