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Abstract

One of the most basic and pervasive mechanisms controlling how energetic electrons interact
with matter is electron impact ionisation, which underlies phenomena in atomic, molecular,
and plasma physics as well as radiation chemistry and astrophysics. This work provides a
thorough theoretical analysis of electron impact ionisation in atomic systems as well as a wide
range of molecular targets, including complex both inorganic and organic species. This work
systematically examines ionisation cross-sections, energy thresholds, kinematic and energy
distributions of ejected electrons, and fragmentation pathways by combining sophisticated
quantum mechanical frameworks, distorted wave techniques, and molecular orbital-based
semi-empirical approaches. The results clarify the crucial roles that incident electron energy,
orbital symmetry, electronic structure, and electron correlation play in determining ionisation
processes. These findings advance applications in spectroscopy, electron beam diagnostics,
astrochemical modelling, radiation damage assessment, and materials engineering in addition
to improving fundamental understanding. They also offer predictive insights that are crucial
for interpreting experimental data and directing computational simulations. This study creates
a cohesive theoretical framework for electron-induced ionisation, connecting atomic-scale
relationships to macroscopic phenomena and providing a basis for further research into multi-
electron and time-resolved processes.
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Introduction

One of the most basic interactions in physics and chemistry is electron impact ionisation, which
occurs when an incoming electron encounters with an atom or molecule, ejecting one or more
electrons. Numerous technological and natural processes are based on this phenomenon.
Electron impact ionisation controls the creation and breakdown of molecules in astrophysical
settings including planetary atmospheres and interstellar clouds. It serves as the foundation for
methods like electron spectroscopy, mass spectrometry, and electron microscopy in lab
settings. Understanding radiation damage in biological systems—where electrically charged
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electrons interact with cellular molecules to cause ionisation and subsequent chemical
changes—is crucial. The reactions of atoms and molecules to electron collisions are very
different. Atomic systems provide a more straightforward framework for simulating and
forecasting ionisation behaviour, especially those containing a single electron or closed shells.
Molecular systems, on the other hand, have intricate electrical structures, numerous ionisation
paths, and fragmentation potential. While inorganic compounds, which frequently display
polar bonds and multiple centre interactions, have distinct ionisation properties, organic
molecules, which have covalent bonds and delocalised electrons, can ionise and fragment in a
variety of ways.

Although theoretical models are essential for comprehending the underlying mechanisms,
forecasting behaviour across a broad range of energies, and analysing systems that are
challenging to study experimentally, experimental studies offer direct measurements of
ionisation probabilities, cross-sections, and energetic distributions.

Theoretical Structure of Ionisation by Electron Impact

Quantum mechanics is used in theoretical studies of electron impact ionisation to explain the
interactions between incident and target electrons. A number of methods are frequently
employed:

First Born Approximation

Initially One of the fundamental quantum mechanical frameworks created to examine electron
impact ionisation and scattering processes is the Born approximation. This method enables the
incident electron to be mathematically described as a plane wave travelling through space
because it is thought to interact with the target relatively weakly. lonisation probabilities and
cross-sections can be calculated analytically or semi-analytically thanks to the approximation,
which simplifies the intricate electron-target interaction by treating the disturbance brought on
by the target potential as minor. This technique works especially well at high incidence electron
energies, where there is little disturbance and a brief interaction period between the electron
that comes in and the bound electrons. In these circumstances, the first-Born approximation
yields accurate total and differential ionisation cross-section predictions as well as insightful
information on the angular distribution of expelled electrons. Nevertheless, the technique has
intrinsic drawbacks in the vicinity of ionisation thresholds, where the energy of the incident
electron approaches the binding affinity of the target electron. The assumption of a modest
perturbation breaks down when dealing with such low-energy regimes, electron correlation
consequences become important, and the target potential's influence becomes more noticeable.
Therefore, in order to fully characterise near-threshold ionisation and account for the intricate
dynamics of electron-target interactions, more complex theoretical approaches are needed,
such as coupled-channel computations or distorted wave methods.

Notwithstanding these drawbacks, the very first-Born approximation is nevertheless a crucial
theoretical instrument that offers a precise conceptual framework and a foundation for
comprehending the basic principles of electron-induced ionisation.

Methods of Distorted Waves and Partial Waves

Distorted wave methods, which account for the alteration or "distortion" of both the ins and
outgoing particle wavefunctions as they relate to the target potential, are used to describe
electron impact ionisation more accurately. These techniques produce more accurate estimates
of ionisation probability and scattering behaviour than simpler approximations because they
consider the impact of the target's electromagnetic field on the electron along the collision
process. In addition, by breaking down the electron wavefunction into a number of spherical
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harmonics, partial wave methods offer a methodical approach to express it. This allows for
extremely precise calculations of the scattering amplitudes, phase shifts, and angular
distributions of the expelled electrons.

These methods are especially useful for multi-electron targets, where interactions between
electrons and exchange effects are important, and for intermediate electron energies, where the
arriving electron interacts more strongly with the object in question than in high-energy
approximations. Distorted wave and partial wave approaches provide a trustworthy foundation
for comprehending the dynamics of electron impact ionisation beyond the bounds of more
straightforward approximations by considering the intricate structure of multi-electron systems
and the detailed influence of the target potential.

Semi-Empirical and Molecular Orbital Models

Because complex chemical systems contain a high number of electrons along with intricate
electronic interactions, conducting entirely immediately calculations to examine electron
impact ionisation can be very computationally costly and frequently impracticable. Molecular
orbital (MO) approaches, which offer a useful and effective way to describe ionisation
processes without significantly compromising accuracy, are often used to address these
difficulties, frequently in conjunction with semi-empirical approximations. These methods
begin by describing the electronic structure of the molecule by computing the energies and
geographical distributions of molecular orbitals, which form the basis for determining the
electrons most likely to be expelled during collisions and estimating ionisation potentials.
Scaling laws, empirical corrections, or parameterised models are added to these computations
to improve forecast accuracy. These models consider elements that fundamental MO theory
might not fully account for, such as electron correlation, orbital overlap, and multi-centre
effects. Large and structurally complex organic molecules, biologically significant
biomolecules, and polyatomic inorganic molecules can all be studied using this combined
approach, which yields reasonably reliable estimates of total and differential ionisation cross-
sections, energy thresholds, and fragmentation pathways.

These techniques provide for a thorough understanding of electron-molecule interactions by
balancing theoretical rigour and computational viability, providing insightful information for
applications in spectroscopy, plasma modelling, radiation chemistry, and astrochemistry.

Correlation and Exchange Effects of Electrons

The underlying quantum mechanical properties of electrons give rise to correlation and
exchange effects, which are essential for precisely characterising electron impact ionisation.
The mutual contact between electrons as a result of their Coulomb repellent effect, which
makes their motions interdependent rather than autonomous, is known as electron correlation.
In several-electron atoms and molecules, this effect becomes very important because the
ejection of one electron can significantly affect the behaviour of the remaining electrons.
Conversely, exchange effects stem from the indistinguishability of electrons and the Pauli
exclusion principle's requirement that the total electronically wavefunction be symmetric under
particle exchange. Scattering amplitudes, ionisation probabilities, and circumferential
distributions are all impacted by exchange interactions, particularly at low and intermediate
electron energies. For multi-electron dynamics, inner-shell ionisation, and near-threshold
ionisation to be effectively modelled, correlation and exchange effects must work together.
When properly included into theoretical frameworks, ionisation cross-section predictions
become more accurate and offer a greater understanding of the intricate structure of electron-
matter interactions in microscopic and molecular systems.
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Tonisation of Atomic Structures

An energetic electron colliding with an atom transfers enough energy to expel one or more
bonded electrons and create a positively charged ion, a fundamental process known as
ionisation of atomic systems. In many branches of physics and chemistry, such as plasma
dynamics, ultraviolet (UV) radiation chemistry, and astrophysical processes, atomic ionisation
is an important phenomenon. Because of their precisely known energy levels and well-
understood electronic structures, simple atomic systems like hydrogen and helium are
frequently employed as benchmark systems for both theoretical estimates and experimental
validation. These systems enable in-depth investigations of basic ionisation processes, such as
the functions of exchange contacts, orbital energies, and electron correlation.

The ionisation process gets much more complicated for multi-electron atoms, such as heavier
elements and noble gases. The likelihood of electron ejection is influenced by electron
interaction and exchange processes, and the contribution of various orbitals to the total
ionisation cross-section varies. An atom's ionisation cross-section typically shows a distinctive
energy dependency, rising abruptly just above the ionisation potential, peaking at intermediate
photon energies, and progressively declining at higher energies.

Furthermore, the energy and angular distribution of the released electron shed light on the
collision's  kinetics and the underlying quantum fundamental interactions.
In addition to being essential for basic science, an understanding of atomic ionisation forms
the foundation for researching more complicated molecular systems. Precise theoretical models
of atomic ionisation are used in radiation physics, materials science, astrophysical modelling
of stellar and interstellar environments, electron scattering studies, and plasma simulations.

Electron Impact Ionization of Organic Molecules

Numerous electrons dispersed throughout a variety of bonding settings characterise the
complicated electrical structures of organic compounds, such as hydrocarbons, alcohols, amino
acids, and nucleobases. The electrons in the outermost orbitals of these compounds are
typically the most susceptible to electron impact ionisation. These molecules have both ¢
(sigma) and m (pi) molecular orbitals, which originate from single and multiple bonds,
respectively. These valence electrons are crucial to ionisation dynamics because of their
comparatively lower binding energies, which cause them to be preferentially expelled when
organic molecules interact with energetic electrons.

When organic molecules are ionised, they often undergo substantial fragmentation in addition
to the creation of molecular ions, which produces neutral fragments, radicals, and secondary
ions. This behaviour is especially important in mass spectrometry, where molecule
composition, attachment, and structural arrangement can be inferred from the interpretation of
molecular ion peaks with typical fragment peaks. The distribution of electron density, bond
strengths, and molecule stability all have a significant impact on the fragmentation paths, which
frequently provide intricate details on the underlying chemical architecture.

Theoretical modelling of electron impact ionisation in organic molecules usually blends semi-
empirical methods based on molecular orbitals with Hartree—Fock or DFT (density functional
theory) computations. These techniques make it possible to determine orbital energies,
ionisation potentials, and electron density distributions—all of which directly influence
fragmentation tendencies and ionisation probabilities. The effectiveness of electron ejection
and the ensuing fragmentation patterns are shaped by structural elements like conjugation,
bonding polarity, and electron delocalisation, which dramatically increase or decrease
ionisation cross-sections. When combined, these theoretical methods offer a potent foundation
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for comprehending and forecasting electron-induced reactions in intricate organic molecular
systems.

Ionization of Inorganic Molecules

When an energetic electron strikes an inorganic molecule, enough energy is transferred to
release one or more bonded electrons and create a positively charged ion. This process is known
as ionisation of inorganic molecules. Inorganic molecules, in contrast to simple atomic systems,
frequently display intricate bonding configurations, such as polar covalent, electrostatic, or
multi-centre bonds, which have a major impact on ionisation dynamics. In addition to the
incident electron energy, the molecular shape, bond polarity, and density of electrons
distribution inside the molecule all affect the likelihood of electron ejection. While non-polar
areas could need more energy transfer, highly polar links tend to draw in incoming electrons,
increasing the likelihood of ionisation at lower energies.

Multi-centre interactions and electron correlation are particularly important in molecules with
partially full or delocalised orbitals. In order to accurately anticipate ionisation cross-sections,
energy thresholds, and angular distributions of ejected electrons, theoretical modelling of
ionisation in inorganic compounds frequently combines semi-empirical or ab initio methods
with molecular orbital-based methodologies. Applications in plasma physics, atmospheric
chemistry, astrochemistry, and materials science—where inorganic molecule ionisation drives
chemical reactions, energy transfer, and the production of reactive species in a variety of
environments—require an understanding of these ionisation processes.

Angular Distributions and Energy Dependence

The energy of the input electron and the distribution of angles of the expelled electrons have a
significant impact on the kinetics and efficiency of electron impact ionisation. The normal
energy dependency of the ionisation cross-section is that it rises abruptly just above the
ionisation threshold, reaches a maximum at intermediate energies, and then gradually decreases
at higher energies. lonisation is extremely sensitive to orbital energies, electron correlation,
and molecule structure at energies close to the threshold, but at higher energies, more
straightforward approximations like the first-Born model yield precise predictions. The target's
symmetry and the type of electron interaction are reflected in the angular distributions of
ejected electrons, which provide more information about the collision dynamics.

Asymmetric or polar molecules exhibit strong directional preferences because of the influence
of molecular arrangement and electron density gradients, whereas angular distributions for
symmetric atoms or molecules are frequently isotropic. Interpreting experimental scattering of
electron data, forecasting secondary electron production, and modelling ionization-driven
processes in plasma physical sciences, radiation chemistry, and astrochemical settings all
require on an understanding of both energy dependence and angular features.

Conclusion

A basic interaction that connects atomic-scale processes to a variety of scientific phenomena,
from radiation chemistry and plasma dynamics to astrochemistry and materials science, is
electron impact ionisation. It is clear from thorough theoretical studies that a complex
interaction of electronic structure, orbital structure, molecular geometry, electron correlation,
and the energy of the incident electron controls the ionisation behaviour of atoms, organic
molecules, and inorganic molecules. While molecular systems demonstrate the intricacy of
multi-electron interactions, fragmentation channels, and structural impacts on ionisation
dynamics, atomic systems offer well defined benchmarks that allow theoretical models to be
validated. Quantum mechanical models, distorted wave approaches, and molecular orbital-
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based semi-empirical techniques are examples of advanced theoretical approaches that provide
predictive insights into ionisation cross-sections, energy thresholds, and angular distributions,
supporting and directing experimental investigations. In addition to expanding our basic
understanding of electron-matter interactions, these analyses provide insight for useful
applications in spectroscopy, plasma diagnostics, astrochemical modelling, radiation damage
assessment, and technological advancements. In the end, a cohesive theoretical approach to
electron impact ionisation establishes the foundation for upcoming investigations into multi-
electron processes, time-dependent dynamics, and complex molecular systems, highlighting its
crucial function at the nexus of physics, chemistry, and interdisciplinary research.
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