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 Chapter 1
 Electron – Atom / Molecule Scattering and
 Applications
 1.1 Introduction
 The persistent interest in the investigation of the electron-atom/molecule
 collisions is driven by the increasing in importance of the electron assisted
 processes in the development of modern technologies [1]. Electron driven
 processes on atoms/molecules are of great interest due to its possibilities in
 the investigations of various applied areas like plasma processes,
 semiconductor industry, micro-electronics, atmospheric sciences and pollution
 remediation etc. A well organized database on electron impact collision cross
 sections is thus desirable due to its wide spread applications. Apart from the
 importance of the scattering data in various applied fields, they are also of
 fundamental importance as scattering is one of the most basic electro
 magnetic processes to study the structure and properties of any target.
 Therefore, electron - atom/molecule collisions have been investigated by both,
 theoretically and experimentally since the early part of 20th century [2]. The
 applications of this field is not limited to physics but extended to biology,
 chemistry and atmospheric sciences. Recently there have been remarkable
 advancements in experimental and theoretical study of electron collision
 processes with targets of industrial, biological and atmospheric applications.
 The availability of collision data on targets of applied interest is limited due to
 the difficulty in the experimental measurement and/or theoretical
 computations. Since last few years many important approaches have been
 developed to deal with such difficulties (in measurement and calculations) up
 to certain extent.
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 In collision processes, the electrons with known kinetic energy are incident
 upon the target (atoms/ molecules) and after the interaction with the target
 field, they get scattered and detected. During the scattering process different
 changes including angular deflection, change in kinetic and internal energies,
 gain or loss of electron flux etc. can happen. Such changes are accounted
 through the measurement/calculation of different scattering cross sections.
 The various electron impact cross sections have been measured and
 calculated since the early days of collision physics because of their many fold
 applications in various branches of pure and applied physics [3]. Electron
 impact ionization is one of the most fundamental processes in the scattering
 phenomenon. This phenomenon is very common in many natural and man-
 made systems and the knowledge of the ionization cross sections plays a
 pivotal role in many areas of applied interest such as gas discharges,
 plasmas, radiation chemistry, planetary atmospheres and mass spectrometry.
 Especially molecular targets carry more technological importance, as there are
 numerous inelastic channels open for molecules. Hence, during the last few
 decades, great emphasis has been placed on the experimental as well as
 theoretical determination of total ionization cross sections of molecular targets.
 On the other hand total electron scattering cross sections play a major role in
 understanding various processes related to astrophysics, atmospheric physics
 and radiation physics. Numerous measurements of various electron impact
 cross sections are reported by many groups. Considerable progress in the
 experimental determination of various cross sections for atomic and molecular
 targets has been achieved in past decades. Even though there exist much
 advancement in experimental measurements for both total and partial cross
 sections of various target species, accurate data for most of the species over a
 wide electron energy range are still not available [4]. Most of the measured
 cross-sections have relative uncertainties ranging from 5% to 15%. Certain
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 highly reactive targets, e.g. radicals and exotic systems pose difficulties in
 performing the experiments and hence theoretical investigations become
 necessary.
 In this context, a comprehensive study of electron impact collision calculations
 for variety of cross sections (Total ionization, total elastic & total (complete)
 cross sections) on atomic and molecular targets of applied interest are
 presented here in the form of thesis. We have employed the well known SCOP
 (Spherical Complex Optical Potential) [5-7] approach for our study in the
 intermediate and high energy range starting from ionization threshold of the
 target to 2000 eV. For some targets we have performed calculations over a
 wide energy range (from 0.01 eV to 2 keV) by invoking two different theoretical
 formalisms which in general may be adopted for any target. We use the ab
 initio R- matrix formalism using Quantemol-N for calculating total (elastic plus
 electronic excitation) cross sections up to threshold of the target and then
 employ the Spherical Complex Optical Potential (SCOP) method for
 calculating total (elastic plus inelastic) cross sections beyond threshold of the
 target up to 2 keV [1]. For some targets we have also developed analytical
 formula relating total cross section with target properties such as polarizability
 and incident electron energy, and extended our calculations up to 5 keV. We
 solve radial Schrödinger equation numerically and by the method of partial
 waves complex phase shifts are computed. Using these phase shifts and
 scattering amplitudes, the total inelastic and total elastic cross-sections for
 electron scattering by atoms/ molecules have been calculated. The total
 ionization cross sections are extracted from the theoretically calculated total
 inelastic cross section by employing the complex scattering potential –
 ionization contribution (CSP-ic) [8] and improved complex scattering potential
 – ionization contribution (ICSP-ic) [9] method. The results of these calculations
 are compared with experiment (where ever available) and also with other
 calculations. The SCOP formalism has been very successful in predicting
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 electron impact total cross sections for many molecular systems at
 intermediate and high incident energies for any targets (including radicals and
 other chemically unstable but highly reactive species). The studied targets
 included in the thesis work are listed in table 1.1. It includes atoms to diatomic
 to polyatomic molecules to biomolecules of varied interest starting from
 modeling plasma to complex radiation physics.
 Table 1.1: List of Targets studied in the present work
 AtomsDiatomic
 Molecules
 Polyatomic
 MoleculesBiomolecules
 F CO CO2 H2CO*
 Cl CS CS2 HCOOH*
 Br S2 OCS N(CH3)3
 I HF PH3* P(CH3)3
 Li HCl H2S*
 Na HBr NH3*
 K HI NH(CH3)2
 NH2CH3
 PH(CH3)2
 PH2CH3
 The present study also incorporates the computations of the total cross
 sections for few selected targets (shown with * in table 1.1) starting from 0.01
 to 15 eV using UK molecular R-matrix based Quantemol – N software [10, 11].
 Thus for these molecules we are able to compute the total cross sections
 starting from a very low energy (sub thermal) to high energy.
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 1.2 Electron: As a probe in Atoms & molecules
 Electron driven processes on Atoms/molecules are of great interest due to its
 possibilities in the investigation of various applied areas like plasma physics,
 semiconductor industry, micro-electronics, atmospheric sciences and pollution
 remediation.
 The electron itself is a fundamental particle in physics, and electron collisions
 with Atoms / Molecules are not only of great interest from the pure quantum
 mechanical perspective, but they have a number of applications. They play a
 vital role in many environments, for example, in plasma etching where ions
 and radicals may be produced from these collisions [12]; in the aurora of the
 Earth’s atmosphere [13] and ionosphere of large planets [14].
 In considering the biological effects of ionizing radiation, [15] found that the
 majority of energy deposited in cells is channeled into the production of
 secondary electrons with kinetic energies between 1–20 eV. They showed that
 the reactions of these electrons induce single- and double-strand breaks in
 DNA, caused by the rapid decays of transient molecular resonances localized
 on the DNA’s local components. A well organized database on electron impact
 collision cross sections is essential for the modeling of such interactions in
 these environments. However, there is a serious void, on cross sections data
 for many important molecular systems. Even though many researchers are
 involved in this area of research, collection of various cross sections by
 experimental measurements alone are not feasible in the time scale required
 by the industry.
 Low-temperature plasmas are used in the semiconductor industry to etch
 features, deposit materials and clean reaction chambers. Development of

Page 6
						

Chapter 1
 Page 6
 these applications requires a detailed understanding of the physical and
 chemical processes occurring in the plasmas themselves. Advances in this
 require knowledge of the basic processes taking place between species in the
 plasma. Indeed the most fundamental of the discharge processes are
 collisions between electrons and atoms, radicals or molecules. Such collisions
 are precursors of the ions and radicals which drive the etching, cleaning and
 deposition processes. Therefore a quantitative understanding of the electron
 collision processes and rates is important and the availability of accurate data
 on such observables is key to the success of plasma processing technology
 [1].
 The total electron scattering cross section quantifies the strength of the
 electron molecule interaction at any particular energy and is an important
 parameter in many areas of applied science including atmospheric science,
 astrochemistry, plasma technology and radiation damage. Such total cross
 sections have been measured by several groups but often such experiments
 are limited to a fixed energy range and are limited to stable molecular targets
 easily prepared in the laboratory. Accordingly the development of theoretical
 methods that are capable of producing robust, total scattering cross sections
 for such unstable molecular compounds have been explored for more than two
 decades with different theoretical methods being developed to treat specific
 electron interactions (e.g. elastic, excitation and ionization). However these
 methods are also often limited to specific energy ranges and we wish to
 develop a more general electron scattering methodology that will allow robust
 values for total elastic scattering cross sections for electron interaction
 processes to be calculated over a wide energy region (0.01 eV – 2 keV).
 Combining the results of a low energy scattering code available as a
 commercial package, Quantemol N software [16] with a high energy quantum
 mechanical methodology based on the spherical complex optical potential
 formalism [17, 18], we present results of five selected molecular targets; H2S,

Page 7
						

Chapter 1
 Page 7
 NH3, PH3, H2CO, and HCOOH as exemplars of the methodology that maybe
 be more widely used to provide data on unstable targets that cannot be
 studied experimentally. Such a methodology may be built into an online
 electron-molecule/atomic and molecular data base.
 A major goal of this thesis is to do electron impact atomic and molecular
 physics in a regime where it is widely applicable in various areas of science
 and technology. To understand scattering process, thesis starts with basic
 phenomenology.
 Figure 1.1: Schematic diagram of a scattering event
 In scattering process, when a free projectile (e.g. electron) collides with a
 target (e.g. atom, molecule or radical), various kinematics processes take
 place. All these processes fall into two categories: elastic processes and
 inelastic processes. In case of elastic scattering, no energy from the projectile
 is transferred to the internal motion of the target, while in inelastic scattering;
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 the incoming electron loses a portion of its kinetic energy to the excitation of
 the target.
 1.2.1 Basic types of Scattering processes
 When a mono-energetic, non-interacting and well collimated particle beam is
 incident on a target, the incident particles undergo either elastic or inelastic
 scattering due to interaction with the target field as illustrated in figure 1.1. The
 incident beam is nearly mono-energetic such that the interaction among the
 incident particles is very weak and may be neglected. The scatterer or the
 target is a macroscopic sample and the source of incident particle is usually
 kept at a distance larger than the de Broglie wavelength of the incident
 particles.
 During this interaction many channels open up and the outgoing particles
 resulting from this interaction are collected and registered by the detector. The
 various channels that may open up are illustrated below.
 Elastic scattering
 A + B → A + B
 Example:
 e+ NH3 → e + NH3
 Inelastic scattering
 A + B → A*+ B
 A + B → A + B*
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 A + B → A*+ B*
 Examples:
 e+ NH3 → e + NH3* [Electronic excitation]
 e+ NH3( j ) → e + NH3 ( 'j ) [rotational excitation]
 e+ NH3 ( v ) → e+ NH3 ( 'v ) [vibrational excitation]
 e+ NH3 → 2 e+ NH3+ [parent ionization]
 e+ NH3 → 2 e+ NH2+ + H [dissociative ionization]
 e+ NH3 → 2 e+ H+ + NH2 [dissociative ionization]
 e+ NH3 → 2 e+ N+ + H3 [dissociative ionization]
 e+ NH3 → 2 e+ H3+ + N [dissociative ionization]
 e+ NH3 → 3 e+ N++ + H3 [dissociative ionization]
 e+ NH3 → NH3- [electron attachment]
 e+ NH3 → NH- + H2 [dissociative electron attachment]
 e+ NH3 → e + NH + H2 [neutral dissociation]
 1.2.2 Cross sections for scattering processes
 Atomic molecular physics deals with quantities much smaller than what we
 see in normal experiences, e.g. the order of magnitude of length is close to the
 magnitude of Bohr radius ‘ao’ (radius of hydrogen atom, ao=0.529× 10-8 cm).
 So, the general practice is to use the atomic unit (a.u.) in such systems. The
 various quantities defined in a.u. are as follows:
 Velocity of light, c 137;
 electron charge, e = 1;
 electron mass, me=1;
 = 1
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 (2
 h
 , where h = Plank’s constant); and 04 1 (where 0 = permittivity of
 free space).
 Using the a.u. system, we can derive the units for other physical quantities
 required in our calculations such as:
 Linear momentum, 10
 2( )p k k a
 ( k = wave vector and = wave
 length);
 Energy, 2 2 2
 20( );
 2 2
 k kE a
 m
 1 a.u. of energy (Hartree) = 27.2114 eV; and
 1 a.u. of energy (Rydberg) =1
 2Hartree = 13.6057 eV;
 Cross sections are also expressed in a.u. as:
 Differential cross section, DCS in 2
 0a
 Sr(Sr = Steradian);
 Total cross section, TCS and Momentum Transfer Cross sections,
 MTCS in 20a or Å2.
 The differential cross section
 We now consider the elastic process, where a number of particles dN are
 scattered elastically per unit time within a solid angle d . For a sufficiently
 thin target, the number of particles scattered per unit time per unit solid angle
 is proportional to incident flux ( A ) and the number of target scatterers ( Bn )
 can be expressed as,
 A BdN n d (1.1)
 Equation 1.1 can also be written as,
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 , A B
 ddN n d
 d
 (1.2)
 Where the proportionality factor d
 d
 ( , ) is called the differential
 cross section (DCS) for elastic scattering. DCS characterizes the number of
 particles emitted into a solid angle centered about a direction by the polar
 angles defined in figure 1.1. Thus from equation 1.1 we get,
 A B
 d dN
 d n d
 (1.3)
 The quantum mechanical scattering theory provides it as [19],
 2( )
 df
 d
 (1.4)
 Where, ( )f is the scattering amplitude.
 The total elastic cross section
 Total or integrated elastic cross section is obtained by integrating the
 differential cross section over all the solid angles ( d ),
 ( )el
 dd
 d
 (1.5)
 which can also be written as,
 2
 0 0
 , sin . .el
 dd d
 d
 (1.6)
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 This total elastic cross section thus takes into account of all elastic processes
 without the presence of any inelastic channels. However in reality we have to
 consider all the relevant inelastic channels while finding the total elastic cross
 section. The elastic cross section is denoted by elQ , where Q comes from the
 German word ‘Querschnitt’ meaning cross section.
 The total inelastic cross section
 Besides the elastic process, there can be various inelastic processes such as,
 vibration, rotational and electronic processes, which may occur in a scattering
 event. The cross sections with reference to the inelastic processes is referred
 as the inelastic scattering cross section, inelQ . The details of this will be
 discussed in the forth coming chapter.
 The total (complete) cross section
 The sum of both total elastic and inelastic cross sections will give the total
 (complete) cross section, TQ .This corresponds to the sum of all the different
 channels that can be present in any scattering process. The total cross section
 indicates the probability that an incident particle interacts with a target particle
 and has therefore been removed from the incident beam.
 1.3 Theoretical approximation methods
 Solution of electron scattering processes, represented through the
 Schrödinger equation for any targets other than the hydrogen atom is beyond
 the scope of modern computers. Due to this reason one has to look for
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 approximate methods such as (1) the method of partial waves or (2) Born
 approximation methods to solve the Schrödinger equation.
 1.3.1 The method of partial waves
 In the method of partial wave analysis, the Schrödinger equation is separated
 into radial and angular parts. Then it is compared with the asymptotic form of
 the stationary wave which allows us to obtain the partial phase shifts and thus
 the cross sections. This method is applicable if the potential is spherically
 symmetric or in other words, it depends only on the radial distance, r. It is
 discussed in some detail in chapter 2.
 1.3.2 First Born approximation
 Born approximation is the approximation in which the deviation g(x) of the
 wave function u(x) from the free particle wave function is relatively very small.
 A well known high energy approximation is the First Born approximation. It is
 discussed in some detail in chapter 2.
 1.4 Previous studies
 Different experimental and theoretical methods which are employed to
 determine various cross sections are briefly discussed in this section. Factors
 such as cost of instrumentation, reliability of the results and stability of the
 targets etc. have restricted the experimental study of certain targets. The
 theoretical estimation in these cases becomes important.
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 1.4.1 Experimental methods
 The basic experimental setup used to study electron impact collision, usually
 consists of the following parts: (1) an electron gun as a source, with the
 necessary optics having an energy selective beam, (2) a setup to generate the
 target gas and measure its number density, (3) an arrangement to pass the
 target gas into the collision chamber and electrons to start the scattering
 processes and (4) a detector assembly to monitor the outgoing electrons after
 scattering and analysis of the final strength of the target measures their
 angular distribution and the energy loss.
 Literature on experimental methods and results can be found in many texts
 including ‘Atomic and Molecular Radiation Physics’ by Christophorou [20],
 Massey and Burhop [21] and Bransden and Joachain [22]. Electron collision
 experiments can broadly be classified into three categories:
 1. Electron swarm experiments
 2. Electron beam experiments and
 3. A suitable combination of both
 The cross sections measured using the swarm experiments are, (1)
 momentum transfer cross sections, (2) inelastic cross sections and (3)
 electron attachment cross sections. The electron swarm experiments are
 suitable for low energy scattering at or below 1 eV. Their unique contributions
 have been made in the energy range below a few tenths of an electron volt.
 Here many factor combine to make swarm measurements easier to perform,
 whereas reverse is true of beam experiments. Beam measurements are
 favorable from 1 eV to the very high energy. There are many groups world
 wide performing such experiments [23, 24].
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 Total cross section
 Measurements of electron impact total cross sections have been reported by
 many research groups around the world. For instance, Kimura, Sueoka and
 co-workers [25, 26] in Japan have performed experiments at low and
 intermediate energies for total cross sections. They used a time-of-flight
 apparatus to find the cross sections. Zecca and co-workers [27] in Italy have
 used Ramsauer type spectrometer. They measured total cross sections for
 various molecules in the energy range ~100eV to 3 keV. The Garcia group at
 Spain along with Mason and co-workers at UK, do experiments to obtain total
 cross section for intermediate and high energies [28, 29]. Experiments of
 Szmytkowski and co-workers [30] at Gdarsk Poland have reported cross
 sections at low to intermediate energies (1 eV to 250 eV) for absolute total
 cross sections.
 Ionization cross section
 Experiments on electron impact ionization cross sections are performed by
 Nishimura in Japan working in collaboration with Kim in US [31] to measure
 total ionization cross sections in the energy range from threshold to around
 1000 eV. Harland Group [32, 33] is working on a modified external fourier-
 transform mass spectrometer (FTMS). Tarnovsky and co-workers in US and
 Deutsch in Germany [34] perform electron scattering and ionization
 experiments in the energy range from threshold to around 200 eV. They have
 also measured the cross sections for many hydro and fluoro-carbon (and
 silicon) radicals. Stebbings and co-workers [35] in US study total and partial
 ionization cross section measurements. Ionization cross sections are also
 measured at intermediate and high energies by Mason and co-workers in UK
 [36] for molecules like O3. Ion impact ionization cross sections are measured
 by Subramanian and co-workers in India [37]. Tribedi and co-workers [38] and
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 Jagatap and co-workers [39] have been measuring electron impact ionization
 cross sections on the targets of their interest within the country.
 1.4.2 Theoretical calculations
 There are many research groups worldwide who have been working in the
 theoretical calculations of electron impact collision studies.
 Total cross sections
 Joshipura and co workers [8, 9, 17, 18] are using the Spherical complex
 optical potential, SCOP [22, 40] method to compute electron scattering cross
 sections with variety of targets. These calculations are of great interest and
 are important in cases where experimental determinations are difficult, and ab
 initio calculations like the R-Matrix methods are complex and possess high
 computational speed or have limitations to extend their calculations to complex
 molecular targets. The SCOP formalism has been successfully employed by
 many groups like, Jain and Baluja [5], Jiang and co-workers [41] and Lee and
 co-workers [42]. The present work is mostly dedicated to SCOP calculations,
 with our own modifications. Our version of the SCOP method will be described
 in chapter - 2.
 The Continuum multiple scattering method (CMS) is based on Slater’s X free
 electron gas model [43]. In CMS method the configuration space is divided
 into several regions. The Schrödinger equation is then solved in each region
 and the total scattering wave function is derived by matching the wave
 functions at each boundary. In this work the non-spherical potentials are
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 replaced by atomic potentials of the constituent atom in the molecule. Once
 the total wave function is known, we can easily extract the S-matrix and in turn
 the scattering cross sections.
 The R–matrix theory [16] considers the dominant physics governing the
 behavior of incident electron in different regions of the configuration space.
 The configuration space is divided into two regions: an inner region and an
 outer region. The Schrödinger equation is solved in each region separately to
 obtain the total wave function by smoothly matching the solution at each
 boundary. In principle the R–matrix method is abinitio and has been applied to
 highly accurate calculations with impressive success. However, for larger
 molecules this method becomes increasingly complex and requires large
 computational efforts. Thus the R–matrix calculations have to date, been
 limited to small systems and low energy scattering, below 10 eV, i.e. below the
 ionization threshold.
 Ionization cross sections
 The Deutschmark (DM) formalism [44, 45] and binary-encounter-Bethe (BEB)
 method of Kim and Rudd [46, 47] are the other two most widely used semi-
 rigorous methods to calculate absolute (total single) electron-impact ionization
 cross sections for molecules. Both methods were originally developed for the
 calculation of atomic ionization cross sections and were subsequently
 extended to neutral molecular targets. Recently, both the groups have
 modified their theory to include molecular ions.
 The Binary-Encounter-Bethe (BEB) model, a simplified version of Binary-
 Encounter Dipole (BED) model combines the Mott cross section with the high-
 incident energy behavior of the Bethe cross section. Here the Mott cross
 section formalism [48], which is a generalized Rutherford cross section taking
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 into account electron exchange effects, describes the collision of two free
 electrons, thus accounting well for hard collisions. While, Bethe cross section
 formula [49] for the dipole interaction involving fast incident electrons and thus
 accounting for soft collisions. In the BED model, the incident-electron energy
 E, appearing in the denominator of the Bethe cross section, is replaced by
 20
 2
 aT U , with being the kinetic energy of the bound electron and
 20
 2
 aits
 binding energy. Kim and Rudd also introduced a simplified version of the BED
 model, called the Binary-Encounter-Bethe (BEB) [46, 47] model in which a
 simple expression for the optical-oscillator strength (OOS), based on the
 results from H, He, and H2, is employed in the expression of the Bethe cross
 section. Both the BED and BEB models depend on quantities either
 determined using target or ion wave functions or from experiment.
 Calculations based on either model are generally in good agreement with
 experiment at incident energies from threshold to several keV. For many
 cases the deviation from experiment is within 5-15 % at the peak, with the
 BED model performing somewhat better than the BEB model. More
 recently(1999), Khare et al. [50, 51] introduced their version of the binary-
 encounter-dipole model in which once again the Bethe cross section was used
 to describe long-range dipole collisions.
 By combining the dipole-Born cross section and the symmetrized Mott cross
 section, with the incident-electron energy modified using the binary-encounter
 model, they obtained an improved BED (iBED) model [52].
 The DM formalism as originally introduced by Deutsch and Mark [53] was
 developed for the calculation of atomic ionization cross sections and has been
 modified and extended several times, most notably including also the case of
 molecular ionization cross sections [44, 45]. The DM formula expresses the
 atomic ionization cross section as the sum over all partial ionization cross
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 sections corresponding to the removal of a single electron from a given atomic
 sub-shell labeled by the quantum numbers ‘n’ and ‘l’ as
 2
 ,
 ( )nl nl nln l
 g r f U (1.7)
 and,
 1 ( 1) 1( ) 1 ln 2.7 1
 ( 1) 2
 aU
 f U d b c UU U U
 (1.8)
 2nlr where 2
 nlr is the square of the radius of maximum radial density of the (n, l)
 atomic sub-shell, nl refers to the number of atomic electrons in the (n, l) sub-
 shell and the nlg are appropriately chosen weighting factors which are given in
 Deutsch et al [44].
 The function f(U) describes the energy dependence of the ionization cross
 section where ‘U’ is the reduced collision energy, nl
 EU
 E . E denotes the
 energy of the incident electron and nlE refers to the ionization energy in the (n,
 l) sub-shell. The parameters a, b, c and d have different values for s, p, d and f
 electrons as one might expect on the basis of the different angular shapes of
 atomic s, p, d and f orbitals (for details see references [44, 45]). The DM
 formula can be easily extended to the case of molecular ionization cross
 section calculations provided one carries out a Mulliken or other molecular
 orbital population analysis, which expresses the molecular orbitals in terms of
 the atomic orbitals of the constituent atoms. Orbital population analysis can be
 obtained routinely for a large number of molecules and radicals for which
 molecular structure information is available using standard quantum chemistry
 codes, many of which are available in the public domain. Such quantum
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 chemistry codes can also be used to obtain the necessary molecular structure
 information in cases where the information is not available otherwise (eg. by
 experiment). Joshipura et al. has developed calculations of electron impact
 ionization cross sections by using SCOP and CSP-ic Model [18] with the
 targets of their interest within the country. Details about these methods are
 discussed in chapter 2.
 1.5 The present problem
 The most fundamental processes in any collisions with molecular target are
 the dissociative and ionization processes other than elastic one. Our
 knowledge of electron interactions with many of the gases e.g. in
 semiconductor industry or in atmospheric sciences, remains fragmentary [53].
 Recently Christophorou and co-workers [54] have published several reviews of
 the data sets for the most commonly used semiconductor gases but data on
 many of the secondary species produced in the plasma (e.g. radicals) are
 lacking. Furthermore, due to the global warming potential of current feedstock
 gases (CO2,CO, CH4, N2 etc.), the semiconductor industry is exploring the
 uses of alternative gases (with reduced environmental consequences), hence
 the need for an expanded data base of electron molecule interaction becomes
 more demanding. Collection of experimental data is time consuming and there
 are currently only few research groups world wide that would be able to do
 such experiments [55]. Therefore, there has been an increasing emphasis on
 the development of theoretical methods to provide such data. Accordingly
 simpler approximate theories have been developed, which are capable of
 delivering cross sections quickly with restricted accuracy. Such data is proving
 to be useful to the industry as they develop models of particular systems e.g.
 in the plasma process, computational models are employed to judge which
 alternative feedstock gases might be used in ‘field’ trials.
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 Towards this goal, we report here simple method aimed at providing an
 estimate of both the total elastic and inelastic cross sections for electron
 scattering with molecular targets. From these total inelastic cross sections, the
 total ionization cross sections are estimated. The approach to find ionization
 cross section is called ‘Complex Scattering Potential-ionization contribution’ or
 CSP-ic method. The results of such calculations are compared both with
 experiment (where available) and other calculations. However for low energy
 electron scattering calculation, we employ Quantemol N code based on the R–
 matrix method [16, 56]. We do not claim that the results derived by such
 methodology are ‘definitive’ but they provide a good guideline to the
 magnitude and nature of the cross section curves from very low (0.01eV) to
 high (2 keV) incident energies for any target (including radicals and other
 chemically unstable but highly reactive species wherein the experimental
 uncertainties would also be high). We emphasize however that it is necessary
 to appreciate the approximations and resulting uncertainties in such
 calculations. However the advantages of present theory, as we shall see in the
 later chapters, are that, within a theoretical umbrella, we obtain many electron
 impact cross sections, such as elastic, inelastic, total and ionization.
 1.6 Applications of Present Study
 Electron-molecule and electron-atom collisions initiate and drive almost all the
 relevant chemical processes associated with radiation chemistry,
 environmental chemistry, stability of waste repositories, plasma enhanced
 chemical vapour deposition (CVD), plasma processing of materials for
 microelectronic devices and other applications, and novel light sources (e.g. in
 VUV). Recently it has been recognized that electron driven processes also
 play an important role in life sciences, [for example by initiating single and
 double strand breaking in DNA]. DNA double-strand breaks (DSB) and single-
 strand breaks are not formed as a consequence of the direct absorption of UV
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 radiation by DNA. Rather, they occurred as the consequence of the attempted
 repair of UV radiation-induced base damage in DNA. Radiation therapy is one
 of the major cancer treatment techniques other than chemical and surgical
 therapy. During radiation therapy electrons are produced with a wide range of
 energies from the irradiated areas. The secondary electrons produced can
 collide with DNA molecules in human cells, causing damage that destroys the
 cancer cells. In modeling such processes there is a need for accurate
 knowledge of electron collision cross sections for relevant biological molecules
 [57].
 Our interest in the present collision calculations arises in view of the
 applications of relevant cross section data in both pure and applied sciences.
 The selected targets find applications in atmospheric science, plasma physics
 / chemistry and radiation physics.
 In addition to photo-induced processes in the ionosphere, atmospheric
 ionization is also produced by high energy particles emitted from the Sun and
 the cosmic rays. These particles may also play a role in cloud formation and
 climate change [45, 46]. Therefore it is important to be able to determine the
 electron impact total and ionization cross sections of aeronomic species.
 Plasma etching, deposition and cleaning are indispensable fabrication
 techniques in the manufacturing of microelectronics components. The plasma
 equipment for these processes use partially ionized plasmas to dissociate and
 ionize feedstock gases. The resulting radicals and ions interact with the
 semiconductor surface, either removing or adding material, to define the
 desired features. The high cost of developing the plasma equipment has led to
 modeling / simulation of these processes. The application of this modeling
 infrastructure to industrially relevant problems has been limited by the
 availability of fundamental data (e.g., electron impact cross sections). With the
 need to develop ‘clearer technology’ other chemistries and types of processes
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 have recently come to prominence for which databases are also required. The
 signing of the Kyoto protocol [47, 48] on gas emissions requires the phasing
 out of many current feed gases - CF4, C2F6, C3F8, CHF3,and c-C4F8. These
 species have high global warming potentials (GWP) as they absorb strongly in
 the infrared and have very long residence time in the Earth’s atmosphere. CF4,
 for example, remains for up to 50000 years, the need for data on alternatives
 such as CF3I and C2F4 is therefore urgent (A situation, where old chemistries /
 processes fall from favour and new chemistries / processes quickly come to
 prominence, is typical of the rapidly changing needs of the microelectronics
 industry).
 Particular emphasis has recently been placed upon the study of electron
 induced processes including measurement of ionization cross sections,
 electronic excitation (leading to observational fluorescence and dissociation of
 the parent molecule) and the role of negative ion formation. Both gas phase
 and surface studies have been investigated extensively and the different
 chemistry induced by electrons on a surface compared to the gas phase is
 emphasized [54].
 These applications emphasize the need for developing rapid, computational
 techniques to produce cross sections on industrially relevant time scales. Due
 to the computational demands, however, most techniques are currently
 restricted to simple quasi one and quasi-two electron atomic targets that can
 be described in a non-relativistic model. Extension of theoretical methods to
 more complex targets including radicals (that cannot be studied
 experimentally) is therefore a priority. These issues underline the importance
 of the current study.
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 1.7 Conclusion
 The scope of present theoretical approach lies in its quickness with
 reasonable reliability in producing cross section data on a wide range of
 targets from atoms to heavy molecules. Since the volume of data required to
 the technologies in semiconductor industry and so on are enormous. Theories
 like ours find importance to present day science. Other accurate or better
 theories have the limitations to energy range and also to the size of the target.
 For example the accurate R–matrix method can find cross sections and even
 predict the resonances for small molecules. However, the range of energy
 they works is very low (10 eV). Such theories cannot handle complex
 molecules, either. Even for small molecules, the time consumed for
 computation is rather very high.
 Presently, we have employed the well established Spherical Complex Optical
 Potential (SCOP) theory to find the electron impact total elastic and inelastic
 cross sections for intermediate to high energies. For low energy electron
 impact total cross section calculations, we employ Quantemol N code by using
 R matrix theory. Then the total ionization cross section is obtained through a
 semi-empirical method. This may be a limitation to our approach for
 calculating total ionization cross section. Nevertheless, due to its high degree
 of reliability and quickness, present Complex Scattering Potential-ionization
 contribution (CSP-ic) theory finds place in the theoretical methods for
 calculating total ionization cross sections [58].
 The complex scattering potential–ionization contribution (CSP-ic) formalism is
 used to derive the total ionization cross section and has been tested
 successfully for a large number of atomic and molecular targets [17, 18].
 Though successful, it involves choice of RP, which was heuristically chosen for
 different targets. Here we have made an attempt to derive this ratio, RP using
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 the basic properties of the target such as first electronic excitation energy (E1)
 and ionization threshold (I). With this improved CSP-ic (ICSP-ic) [9] method
 we have computed total ionization cross sections for selected targets and
 calculations are presented. It seems that ionization cross sections calculated
 by improved CSP-ic method are in better agreement with number of
 experimental and theoretical data for all the targets studied here. This shows
 the consistency of the present ICSP-ic formalism.
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