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SUMMARY

Theoretical investigation on ion-ion and ion-atom collision in intermediate and high
energies has been reported in the present thesis.The thesis is submitted to the Jadavpur

University for fulfillment of requirement for the degree of Doctor of Philosophy (Science).

Part I of the thesis contains the general introduction mentioning the basic definition and necessity
of the cross section data in the diverse field of Physics. The author has reviewed up-to-date
investigations in the framework of different approximation in ion-atom and ion-ion collision
which are also the contents of this part. Part II of this thesis contains quantum and classical

studies of 1on-atom interaction. This part is subdivided into six chapters.

In Chapter II, total and state-selective cross sections for charge transfer in H + He*, He**+ Li**,
He®* + He' and Li** + Li** collisions have been calculated using the three body boundary
corrected continuum intermediate state (BCCIS-3B) approximation at energy range 30-2000
keV/amu. In this model, distortions in the final channel related to the Coulomb continuum states
of the projectile ion and the electron in the field of the residual target are included. Sub-shell
distribution of total charge transfer cross section has been reported in tabular form. The
comparison of the results is made with those of other recent theoretical methods and with
experimental measurements. Results so obtained are in very good agreement with the available

experimental findings.

In Chapter 111, cross sections for single-electron capture in collisions of He®, Li%* (q=1,2,3), co*
and O® jons with helium atom at incident energy ranging from 50 to 5000 keV/amu have been
calculated in the framework of four-body boundary corrected continuum intermediate state
(BCCIS-4B) approximation in both prior and post forms. In this formalism, distortion in the final
channel related to the Coulomb continuum states of the projectile ion and the active electron in
the field of residual target ion are included. In all cases, total single-electron capture cross
sections have been calculated by summing over all contributions upto n=3 shells and sub-shells
respectively. It has been observed that the contribution of the capture cross section into the

excited states is significant for asymmetric collision (Zp> Zr) and is insignificant for symmetric
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collision. Numerical results for the total cross sections show good agreement with the available
experimental findings particularly in the post-form. Post-prior discrepancy has been found to be

within 30% except for Li* + He interaction below 150 keV/amu.

In Chapter IV,four-body formalism of boundary corrected continuum intermediate state (BCCIS-
4B) approximation have been applied to calculate the single-electron capture cross sections by
fast protons through some helium like ions in a large energy range from 30-1000 keV. In this
model, distortion has been taken into account in the entrance channel. In the final channel, the
passive electron plays the role of screening of the target ion. However, continuum states of the
projectile and the electron in the field of the residual target ion are included. The comparison of
the results is made with those of other theoretical investigations and experimental findings. The
present calculated results are found to be in good agreement with the available experimental

findings.

In Chapter V, single-electron capture in p-He collisions have been calculated at incident
projectile energies ranging from 30 keV to 1 MeV by means of the four-body boundary corrected
continuum intermediate state approximation. The effect of the dynamic electron correlations is
explicitly taken into account through the complete perturbation potentials. Total single-electron
capture cross sections have been calculated by summing over the contributions upto n=2 shells
and sub-shells respectively. The differential cross sections are calculated at impact energies in
the range from 30 to 293 keV. Overall, the calculated cross sections are in good agreement with
the recent experimental findings. Post-prior discrepancy for total cross sections is negligible

below 200 keV.

In Chapter VI,the Classical Trajectory Monte Carlo (CTMC) method and the post form of three-
body boundary corrected continuum intermediate state (BCCIS-3B) approximation are employed
to calculate the cross sections for total and state-selective electron capture in collision of highly
charged Ne® ions with ground state hydrogen atom in the intermediate to high energy region. In
both these methods, the active electron interactions with the partially stripped neon ions are
described by a model potential containing both a long-range part and a short-range part. We have

also calculated the double electron- capture cross sections in collision of fully stripped neon ion
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with helium atom in the energy range 80-2000 keV/amu using the post-form of four-body
BCCIS approximation (BCCIS-4B). In BCCIS formalism, the intermediate continuum state of
the active electrons with the projectile ion has been taken into account as the projectile charge is
greater than the target charge. In addition, state-selective charge transfer cross sections are given

in tabular and graphical form.

In Chapter VI the total cross sections for single-charge transfer in H + H, He" + H, He" + He"
and Li** + H collisions have been calculated in the framework of four-body formalism of
boundary corrected continuum intermediate state approximation in the energy range 20 — 5000
keV/amu. The dynamic electron correlation is explicitly taken into account through the complete
perturbation potentials. In the initial channel, the passive electron plays the role of screening of
the projectile ion. However, continuum states of the target ion and the electron in the field of the
residual projectile ion are included. In all cases, total single- electron capture cross sections have
been calculated by summing over all contributions up to n = 2 shells and sub shells, respectively
except H-H collision. The present computed results, both in prior and post forms of BCCIS - 4B
method for symmetric and asymmetric cases have been compared with the available theoretical
and experimental results. We found that our computed results particularly in the prior form are in
better agreement with the experimental observations in comparison to other theoretical findings.

Post-prior discrepancy has been found to be within 20% above 70 keV/amu for all interactions.
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CHAPTER-1

GENERAL INTRODUCTION

N.B.: Atomic units are used throughout the work unless otherwise stated.
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1. INTRODUCTION

Research in theoretical atomic, molecular, and optical physics (TAMOP) is characterized by two
intertwined strands, understanding and utility. AMO physics seeks to investigate and understand
the fundamental behaviour of matter and fields as Nature presents them to us, at the energy and
length scales set by electrons, atoms, molecules, and photons and their interactions. Building on
this understanding, TAMOP researchers seek also to formulate and develop techniques for
manipulating and controlling AMO systems to perform tasks that Nature never contemplated,
tasks that lie at the heart of present and future technology development. That AMO physics is
planted so firmly at the intersection of understanding and utility is the field’s greatest strength—
and makes it unique among the sub disciplines of physics. At this intersection theoretical and

experimental research efforts are often very tightly coupled.

In last few decades, AMO physics has undergone a renaissance. As some evidence of this, 5 of
the last 16 Nobel prizes have been awarded in AMO physics: 1997, 2001, 2005, 2009, and
2012.As one of the areas leading to the development of quantum mechanics, atomic/molecular
collisions have been core components of AMO research since the beginning of modern physics.
These traditional fields continue to be of tremendous importance, both for fundamental research
and for practical applications.

Recently, charge transfer in ion-atom/ion collisions is being able to make a remarkable place
in the study of atomic and molecular physics. But these studies are not only confined to intrinsic
science they also find their applications in diverse branches of physics, viz. astrophysics,
atmospheric physics, plasma physics, in fusion researches, in the development of the production

of soft x-ray lasers etc. All these physical aspects are described in brief as follows.

The cross-sectional data of charge transfer between partially or fully stripped ions and
heavy atoms are of paramount importance in atmospheric physics as well as in astrophysics. The
emission strengths of lines arising from transitions in neutral and ionized atomic systems such as
CI, NI, NII, Nell, OLOII, SI and SII in gaseous nebulae are considerably stronger than the
strengths in theoretical models calculated (particularly for OII doublets) for quasars, planetary

nebulae, Seyfert galaxies and diffuse HII regions. The two-phase model of the interstellar
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medium has become successful to a great extent in explaining many of the characteristics of the
interstellar gas. This model is based upon the postulate of an ionizing source uniform throughout
the galaxy with suitable frequencies (107" sec™") which is attributed either to low energy cosmic
rays or soft x-rays neither of which can be detected in the solar neighbourhood. Steigman has
pointed out that charge transfer in collisions between highly charged ions of
C,N,O,Ne,Mg,Si,P,S,etc. and neutral atoms of hydrogen or helium may be rapid at thermal
energies, which is consistent with the work of Bates and Moiseiwitsch. If these reactions are
rapid, they will suppress highly charged ions in the HI region. This feature guarantees that the
observed absorption features from such ions can not originate in the interstellar gas. The possible
implications of this reaction are consistent with the observations of interstellar medium, HII
regions and planetary nebulae. Thus the discrepancies in this field of astrophysics are removed.
Observations by x-ray satellites such as ROSAT, INTEGRAL, RXTE etc. indicate that X-rays
are produced by almost all comets and many other objects in the solar system. Such X-ray
observations of comets and other objects of the solar system may be used to determine the
structure and dynamics of the solar wind. Minor ions in the solar wind exist in highly charged
states, including the species such as O’*,0%,C®,C>* N® Ne Si’* and Fe'**. Such ions readily
undergo charge transfer reactions in which an incident ion removes an electron from a target
neutral atom or molecule. The product ion remains highly charged and is almost always left in an
excited state. The energy required to power X-ray or EUV emission originates in the hot solar
corona and is temporarily stored as potential energy in highly stripped solar wind ions until this
energy is released by charge transfer collisions. The X-ray emission line intensities of the comets
C/2002 T7 (LINEAR), C/2001 Q4 (NEAT) etc. are consistent with the model emission lines of
C,N,0,Mg,Fe,Si and Ne solar wind ions. In a recent report, a group of scientist from USA has
claimed that they have recorded the X-ray emission of highly charged ions of carbon, nitrogen
and oxygen which simulates charge exchange reactions between heavy ions in the solar wind and
neutral gases in cometarycomae. However, extraction of useful information on solar wind
properties from such observations will require further improvement in our understanding of the
SWCX (Solar Wind Charge Exchange) mechanism. The SWCX mechanism operates whenever
the solar wind interacts with neutral gas and has also been suggested as a source of X-ray

emission from Venus and Mars, the terrestrial hydrogen geo-corona and interstellar neutral gas.
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The X-ray line spectra of highly charged oxygen ions and the Ultraviolet emission-line spectra of
precipitating oxygen atoms and ions in the auroral atmosphere of Jupiter have been calculated
using cross sectional data of state-selective charge transfer. In both the above cases the oxygen
atoms or ions excited by charge transfer interaction with molecular hydrogen. With these studies
people come to know that the UV emissions from the precipitating oxygen atoms and ions are far
from being discernible in the Jovian auroral spectra. And this finding also provides a straight
forward explanation of the negative search for any direct UV signature of heavy ion precipitation
in the Jovian aurora,putting an end to the decade-long controversy on the auroral mechanism of

Jupiter.

Neutral beam of atoms may be used for probing plasmas in Tokmak devices.
Kislyakov and Petrov have used 4-14 keV beams of hydrogen as a probe. Attenuation of such
type of beams occurs due to ionization of the injected beams by the process of charge transfer
and ionization by the plasma protons or ionization by plasma electrons. Thus the proton density
in plasma can be determined by the knowledge of the cross sections of such processes. The
multiple electron transfer between an ion and an atom plays an important role as an energy loss
mechanism in high temperature and astrophysical plasmas. The X-ray spectra obtained from
electron capture will be powerful diagnostic probes of the capture mechanism and of the diverse
range of laboratory and astrophysical plasma. Shaikh et al have constructed a model which
describes a partially ionized magneto-fluid ISM (interstellar medium) that couples a neutral
hydrogen fluid with plasma primarily through charge exchange interactions. In double electron
capture by alpha particles from lithium atoms, a neutral lithium beam may be used as a probe to
find the alpha particle distribution in Tokmak fusion reactors. After double electron capture, the
resulting helium atom can escape from the plasma field and can be analyzed by conventional
means. Electron capture by plasma protons from the injected beam results in the formation of
hydrogen atom in excited states. An emission of radiation is followed due to subsequent decay of
these excited atoms. Studies of Doppler shift of such radiation help to assess the temperature of

the plasma.

In fusion devices based on magnetic confinement of high temperature plasma, one of
the most promising forms of supplementary heating is by the injection of fast neutral beams of an
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appropriate isotope of hydrogen. In practice, the effectiveness of this form of heating is
complicated by the presence of small fractions of partially of fully ionized impurities such as
carbon, nitrogen, oxygen etc. as well as partially ionized metal atoms of high atomic number z
arising from interactions at the walls of the confining vessel. The injection of fast neutral beams
(beams of “He are also possible) is being considered for the supply of fuel to the plasma in a
fusion reactor. When an intense fast neutral beam of an appropriate isotope of hydrogen (e.g.

deuterium) injects through the magnetic confining field and into the plasma it undergoes electron

loss by both charge transfer (H +H —H+H")and ionization (H" +H —H "+H" +e)in

collisions with the plasma protons. The resulting fast protons are trapped in the confining field
and give up their energy in collisions with the plasma constituents. Since electron capture takes
place into highly excited states, the population inversion of the parent ions occur. The subsequent

radiative decay of such short-lived excited states can result in very substantial energy loss.

The studies of radiation effects on biological bodies, nuclear workers demand the
knowledge of collision processes. Therapeutic treatments are being done to treat the cancer and
other foreign bodies. Several years’ proton therapy found greater advantages over other
conventional radiation. Proton beam causes less damage to the live tissues surrounding the
affected part of the patient. The three dimensional hologram of energy spectrum of proton beam

are readily obtainable and proper dose level may be ascertained to the patient.

These many fold applications of cross-sectional data in diverse field of physics and
astrophysics play an important role behind our motivation for collision studies on charge transfer

and ionization in ion-atom/ion collisions.

1.1. BASIC DEFINITIONS:

Collision is short duration interaction between two bodies or more than two bodies
simultaneously causing change in motion of bodies involved due to internal forces acted between
them during this. The range of scale of collision may be microscopic of subatomic particle to the
astronomic scale of colliding stars and colliding galaxies. Although, the most common colloquial
use of the word “collision” refers to accidents in which two or more objects collide, in scientific

use, it is an isolated event in which two or more moving bodies exert forces on each other for a
17



relatively short time. In collision, the momentum and kinetic energy are transferred from one
object to another, but the total momentum of both objects before and after collision is the same.
A collision does not have to be a force of contact. In scattering processes the strength of

interactions among atomic particles could be viewed through observables called cross sections.

» Scattering:

Scattering occurs when we fire a projectile at a target. The projectile will be 'scattered' from it or
could remain unscattered, i.e. its direction of motion is altered by the target. By measuring the
numbers of particles which scatter by different amounts we can work out much about the
structure of the target. There are two kinds of scattering elastic and inelastic. For scattering it is
easiest if the projectile is a fundamental particle (so can be considered as a point without any
structure, such as the electron) so that the effects of any size is not there to complicate results and

we are only observing the target (say a proton).

» Elastic scattering:
In an elastic collision the incident and target particles remain intact (like billiard balls). No
energy is lost (to other processes) and the projectile's kinetic energy is shared between itself and
the target after the collision, momentum is of course always conserved. If the target is point-like
then elastic scattering is the only possibility. If the target has size then the scattering may still be
an elastic process, however the formula for it will altered slightly, depending on the momentum
imparted to the target particle (by a factor called the form factor). Let us assume a typical
collision between a system A of the incident beam and a scattered B of the target, then in elastic
scattering, two bodies A and B are simply scattered without any change in their internal
structure,

A+B—A+B
» Inelastic scattering:
In inelastic scattering part of the kinetic energy of the incident particle is lost inside the target
giving rise to some internal processes and only a fraction of it goes into moving the whole target.
For example if you take a spherical container and then fire a small ball onto it the collision could

be considered to be elastic (in an ideal world). If you were then to fill it with some marbles and
18



then fire another ball at it some of the kinetic energy would go into moving the ball, but a
fraction would also move around the marbles inside. In this sense we can say that inelastic
scattering will occur if the target consists of smaller components. One other difference between
inelastic and elastic scattering is that with elastic scattering the target will not change form,
whereas with inelastic scattering the target can break up into new forms. A proton may make
hadrons (particles built from quarks) by inelastic collisions. We now see that if we can show that
the target (say a proton) scatters inelastically then we can presume that there must be some
internal process occurring, which should not happen if the particle is fundamental, because this
suggests there is something smaller inside to cause this process. In this scattering, the two
particles A and (or) B undergo a change in their internal quantum state after collision.

A+B—>A'+B
A+B—>A+B
A+B—>A'+B

where A’ and B’are the new internal states after inelastic collision.

These interaction (scattering) processes are in general mediated by the electromagnetic force,
meaning that it is really an exchange process between the incident electron and the target. This
is an electromagnetic interaction and the mediator (the particle which is exchanged between the

two interacting ones and produces the force, in this case for electromagnetic it's the photon).

Take for example a particle of initial momentum p which interacts and scatters from the target
with a new momentum p'. The difference is q = p-p' which is the momentum transferred to the
target. It is found that in elastic scattering the cross-section of scattering falls as q* increases. If
we are able to work out what the form factor is (by seeing how the scattering is reduced from its
value for a point particle), then we can get an idea of how the charge is distributed inside the

target (in fact the form factor is the fourier transform of the charge distribution).

» Reactions:It can also possible that a composite system (A+B) splits into two systems C and

D, different from A and B, or into n > 2 systems i.e.

A+B—-C+D
19



A+B—->C+C+Ci+. +C,.
In elastic collisions the two colliding particles A and B remain in the initial channel, while
inelastic collisions or reactions processes leading from a given initial channel to a different final
channel in scattering between a bare nucleus of charge (projectile) Z, and Zg. Let us consider,
the target nucleus of charge Zg has two electrons (e; and e;) bound to the nucleus (helium-like
atomic system). Then the following rearrangement collision may be possible,

Zy+(Zgse,,e,); > (Z,,e)); +(Zy,e,),, (Single electron capture)
—Z,+(Zg,e,); +e, (Single ionization)
—Z,+Zg:€,,€,); (Excitation)
—>(Z,;e,,e,); +Z4 (Double electron capture)
—>7Z,+7Z,+e,+e, (Double ionization).
Other than the above mentioned process there are also some processes like transfer ionization,
transfer excitation, multiple ionization etc.
The most important thing is the energy range of collision according to the value of W, which is
defined as the ratio between the relative velocity of the projectile and the orbital velocity (v,) of
the active electron in the target.
® W << 1 indicates adiabatic or low energy region.

® W = lindicates intermediate energy region.

® W >> 1 indicates high energy region.
The unit of cross section is that of area. Since the order of atomic radius is of the order of 10

cm, the atomic cross section will be in the order of 101% cm?. But, in atomic and molecular
physics cross sections are generally expressed in unit of ma,, where ag is the radius of the first

Bohr orbit of hydrogen atom.

1.2. APPLICATION AREAS

Elastic collisions are of paramount importance for Ohmic heating and energy dissipation into the
plasma; inelastic collisions are responsible for all the electronic excitation processes. For both

processes, the deductive approach is chosen. By electronic and ionic impact, electrons can be
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released from surfaces; this process is required for the carrier avalanche in DC discharges, but
has regained interest for stabilizing processes in production reactors whose inner surface is
subject to various (mostly unintended) coating reactions. In addition we can describe the

application areas of atomic collisions with the following points.

1.2.1. RADIATION THERAPY

When radiations (particles or photons) from an outside source impinge on and penetrate into a
material, various observable phenomena occur that are a direct result of a chain of events
referred to as a radiation cascade. The change of the structure of a material can possible
subjected to fast heavy particle radiation, like, alpha particles, protons, or neutrons. It can be
understood as a series of collision events of the incident particles with the atoms of the target
material. The fast moving incident particles in the collisions transfer kinetic energy to a number
of target atoms and may ionize or excite these atoms and even initiate nuclear reaction. Very

high energy photons, x-rays andy -rays are often produced in materials when the tightly bonded,

inner-shell electrons of heavy atoms are removed or when nuclear reactions are initiated. These
high energy photons may also produce additional ionization and hence electrons. The damage to
biological materials is mostly due to the cascade of ionization events set up by the secondary
electrons and high-energy photons. Radiation cascades are also used to modify the nature of a
material, by implanting incident atoms, and to remove layers of a material, by “knocking off” the
surface atoms.

The biological case is worth pursuing as a means of understanding the relationship between
initial radiation events and final macroscopic effects. The effect of high-energy radiation may be
used on cells or the biological constituents of the cell, i.e., DNA, RNA and various enzymes. The
energized charged particles such as proton and other forms of radiation pass near the orbiting
electrons of the atoms, positively charged of proton attracts negatively charged electrons pulling
them out from the orbits. Hence ionization occurs and it changes the characteristics of the atom
and consequently the characteristics of the molecules within which the atom resides. Because of
ionization, the radiation damages the molecules within the cell especially the DNA or genetic
material. The damaged DNA destroys the specific cell functions, particularly the ability to divide

or proliferate. Hence enzymes fail to adequately repair the injury caused to the cells.
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The radiation effect can be use in therapeutic application. Proton therapy can be used for cancer
treatment. Recently, it is found very useful over conventional radiation. The major advantage is
that proton beam causes less harm to the live tissues surrounding the affected cells. The
capability provides greater control and precision and therefore, superior management of

treatment.

1.2.2. ELECTRON COLLISION CROSS SECTION DATA IN PLASMA
PHYSICS

Charge transfer research has a great importance in astrophysics to understand the processes
involved inside the nebulae, supernova remnants and other astrophysical phenomenon. The cross
sectional data of charge transfer between partially or fully stripped ions and atoms are used for
investigating the emission strengths of lines arising from transitions in neutral and ionized
atomic systems such as CI, NI, NILNEIL,OLOILSI and SII in gaseous nebulae. They are
considerably stronger than the strengths in theoretical models calculated for quasars [1],
planetary nebulae [2], Seyfert galaxies [3] and diffuse HII regions [4].

The needs for electron cross section data depend on the subfield of plasma physics and
parameters and characteristics of plasma [5]. Generally, one can observe diverse conditions of
plasmas i.e. densities, temperatures, energy distributions of atomic particles, particle
compositions, etc. Depending of what is the major subject of the study, whether it is
astrophysical or fusion plasmas, plasmas in gas discharge lasers or plasma etching processes in
semiconductor manufacturing, or just optical plasma diagnostics,one should consider appropriate
set of elementary atomic particle processes and accordingly adequatecross sections.

Numerous atomic and molecular species are present in plasmas and are used in applications such
as etching and deposition. Very often rare gas atoms are present and considered as plasma
constituents together with di-, tri- and poly-atomic molecules as well as radicals and other
fragments. These species could be in their ground state or excited (and metastable) states. In the
study of electron interaction with these atomic particles, the variety of processes is possible and

each of them is characterized by cross section that is energy and angular dependent value.
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1.2.3. NEEDS FOR CROSS SECTIONS IN DIFFERENT TYPES OF
PLASMAS

Regarding the needs for atomic and molecular data in astrophysical plasmas, Jorissen [6]
identified two major purposes where data are used: (i) in computing opacity of the stellar matter
and (i7) in determining abundances for specific chemical elements. He had recognized several
current problems where atomic data are important for appropriate solutions: iron problem and the
question of estimating stellar metallicity, oxygen problem, the importance of accurate knowledge
of energies, transitions, and oscillator strengths for heavy elements, problem of dating the oldest
galactic stars, etc. In fusion plasmas accurate atomic and molecular data sets are used to model
conditions in tokamak edge radiation and particle behaviour in cold divertor regions (Kubo [7]).
For controlling the impurity particle transport and edge plasma radiation losses, data for effective
ionization and recombination rate coefficients are required. Currently Ar atoms are injected for
radiation loss power enhancement but the role of Kr atoms is envisaged in this process. Also
study of other heavy atoms is a priority due to their use as divertor plates. Collisions of hydrogen
molecule, hydrocarbon molecules and He atoms have been extensively studied in cold divertor
plasmas. Regarding the electron collision processesmajor investigations are directed toward the
understanding of the role of vibrationally excited H, molecules [8]. Plasma processes in gas
discharge lasers[9)are well understood and described in detail. Electron collisions play an
important role in creating population inversion. They can easily populate metastable states as the
scattering process could be viewed as an interaction of a multipole with the atomic field and
electron cloud. Determining the electron excitation cross sections of optically forbidden states
could serve as a test for lasing properties of the particular element. By the development of
ultrafast laser technology, when the sub-femtosecond pulses are achieved, the study of the re-
scattering processes of electrons emitted under strong laser field with their parent ions becomes
possible with high precision [10]. Challenge in today’s semiconductor manufacturing industry is
using the plasma etching processes for producing nanometric patterns. For optical plasma
diagnostics the knowledge of electron cross sections for rare gas atoms is crucial. Boffard and
collaborators [11] have demonstrated that by knowing these cross sections and combining them
with plasma emission measurements it is possible to extract many plasma parameters. Cross
section data are needed for both ground state and metastable states atoms. The role of cross
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sections for metastable atoms had been emphasized in the recent review on plasma electronics

by Makabe and Petrovi¢ [12].

1.24. CROSS SECTIONS FOR ELECTRON INTERACTIONS WITH
RADICAL SPECIES

Radicals, as atomic and molecular species with unpaired electrons, are common constituents in
plasma media and are seen as a key chemical component in many plasma applications in
semiconductor manufacturing. Although of great practical importance, data sets of electron
collisional cross sections with radical species is rather scare in scientific literature. It is partly due
to the difficulties in experimental handling of radicals as unstable and highly reactive species.
That is why the available literature is mainly consisting of theoretical data.

The main feed gases used in the plasma etching processes are perfluorocarbons but these are also
strong greenhouse gases [13]. CF radicals have been studied by several authors. Lee et al [14]
used a complex optical potential method to calculate elastic differential, integral and momentum
transfer cross sections as well as total and absorption cross sections in the energy range from 1 to
500 eV. After comparison they found that DCS data are larger for CF than NO molecule
especially in the domain of smaller scattering angles (below 60°). Rozumet al [15] exploited R-
matrix theory to obtain elastic and excitation cross sections at the low energy region (below 10
eV). They also found three shape resonances of different symmetries. Most recently Trevisanet
al [16] investigated resonant electron — CF collision processes which could lead to production of
negative ions. They studied the vibrational excitation and electron attachment processes and
found several low lying negative ion states which are expected to dominate the scattering
process.

Rozumer al [17] and Lee et al [18] have used R-matrix method to investigate electron - CF,
radical cross sections at low-energy electron collisions (less than 10 eV)and calculated elastic
and excitation cross sections of the six lowest-lying electronically excited states. Lee er al [18]
have used an iterative Schwinger variational method combined with the distorted-
waveapproximation to solve the scattering equations. Cross sections are deduced in the energy

range from 1to 500 eV.
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The need for comprehensive data bases of electron interactions with atomic particles has
beenidentified long ago. International Conference on Atomic and Molecular Data and Their
Applications [19] (a continuing series of the conferences) has been devoted to this aspect of
research activities.Recent development in the field has been summarised also by Mason [20] who
had examined newdevelopments in electron induced processing, reviewed the current status of

databases and identifiedthe most important needs in the future electron/molecule research [21].

1.2.5. X-RAY LASER DEVELOPMENT

Electron captures by partly or fully stripped heavy ions from ground state atomic hydrogen or
helium takes place mainly into excited states due to energy resonance. The charge transfer into
excited state by emission of radiation [22]. The radiation generally belongs to the soft x-ray
region. This phenomenon may attribute as x-ray source in the interstellar medium [23]. This

property of interest may also lead to the possibility of production of an x-ray laser [24-26].

1.3. FORMAL THEORY OF QUANTUM SCATTERING

Quantum mechanical formalism is classified into two categories i.e., time dependent and time
independent formalism. Here we shall mainly discuss the time independent formalism. However,
these two formalism have been shown to be equivalent [27]. In low energy region, molecular
state expansion method in the framework of close-coupling approximation is best suited. In this
method, the electronic states are determined by the states of the quasi molecules so formed
during the slow counter. All features and development of this theory are explained in the review
articles of Greentand [28] and Delos [29] and also Basu et al [30]. A lot of progress has been
achieved by many authors [31-38] to investigate the fully/ partially stripped ion-atom collisions
in the low energy region by the use of molecular state expansion method. Kimura and Olson [39]
have studied the single and double electron capture cross section from helium by C* and the
single electron capture cross section by C®" in the low energy region using molecular orbital

method.
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Fig.1.1. Collision Diagram

In order to discuss different high energy methods, we shall now start from the origin of these

methods in the framework of formal theory of scattering.

We are dealing with the rearrangement process of the type

o+ (B, y)—Ca, v+ 9]

where o and B are two colliding objects (may be structureless or not) and vy is the active

electron to be transferred. o, B and vy interact via two-body potential V; (i= a, B, y). For the
reaction (1), the particle labeled by a is free in the initial channel, so the initial channel is
described by a- channel and the final channel by B- channel. Interaction between any two
particles will be represented by the third particle i.e. V represents the interaction between the
particles labeled by B, y and so on. The Schrodinger equation for the whole system may be
written as, Hy =Evy )

Here H, the hamiltonian for the whole system may be written as,

H=—va —ivi + Vot VH v,
2u, = 2a (3a)

— H - <« V, -
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_J;Vf_l_
2p, " 2b

«— Hy — <« V; —

V2+v,+ Vgt V.,

where Hj is the kinetic energy operator in the center of mass frame.

Co-ordinates and reduced masses are defined as

X=TI—Iy
S=L,—1,
R=r1,—-1,
- - Min+r,
L =f———",
M;+1
_*_f_h%%+g
po T ’

Mp+1

(3b)

(4a)

(4b)

(40)

(4d)

(4e)

where T;, L., _1;) are respectively the co-ordinates of the particles labeled by B,y and a with

respect to an arbitrary frame of reference. The reduced masses are defined as

M, (M+1)

l"la_ ’
M,+M;+1

M (M,+1)
Hp M, +Mp+1°
M
a=—-7">—
M., +1

— MP
Mp+1°

(5a)

(5b)

(50)

(5d)

where 1, Mt and Mp are respectively the mass of the particles labeled by v, B and a. The total

hamiltonian of the whole system may be split in terms of channel Hamiltonian as,

H=H_+V,
=HB+VB

(6a)
(6b)
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where H_, HB are the hamiltonian for the channels, o + (B, y) and ( a, y) + B respectively. Let

the complete set of eigen states of H_ and HB are given by

(E,-H)e" =0 (7a)
(E;—Hp)e! =0 (7b)
2
where, E,=—*+¢,, (8a)
2u,
k2
E =—+8 R (8b)
B 2u, B

Here, ¢€,(€g) is the bound state energy and k, (kﬁ) is the momentum vector in the entrance

(exit) channel respectively. Any subscript i or j represents the corresponding states of the system

in either channel. With ‘On shell energy’ consideration, we may write
E=E, = EB'
The transition amplitude from the i-th state in the a- channel to the j-th state in the B- channel

may be written as

T =<yl 1V, 1yf, (post form) ~ (9a)

TP =<y IV, Iy > (prior form) ~ (9b)
where, Vi =0 +G Vv, =9 + GV, ¢ =Q ¢ (10a)
and V=0 +GVay s =l +GV 0l =Qp o (10b)

a

Here Q' and Qg are the Moller operators. G, G~ and Gy are respectively the total o-

channel and B- channel Green’s operators.

Hence the transition matrix elements given by equations (9a) and (9b) may be written as
TP =< @l IV;(1+G* V)1 9! >=< gl IV,QL lg* >, (11a)
TP =< @’ IV;(1+ GV ) 19! >=<¢l 1Q, 19" >, (11b)
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Here any asterisk (*) represents the complex conjugate of the corresponding quantity.

The differential cross section may be written as

af*
dGij _ HaHp ﬁ apt ? (12)
dQ  4n* k,'"
where € is the solid angle around K . The total cross section may be written as
de®
off* = [—-dQ. (13)
dQ

1.3.1. PERTURBATION SERIES WITH THE CORRECT BOUNDARY
CONDITIONS
The dynamics of the entire four-body system are described by means of the Schrodinger equation
H-E)y* =0 (14)

where y* are the full scattering states with the outgoing and incoming boundary conditions,
respectively

v o9 (R > v oo Ry —oo) (15)
The exact transition amplitude with the correct boundary conditions can be written in the post (+)
and prior (-) forms as

Ty =< ¢t‘_‘Vt‘d‘Wi+ >, Ty =<vy; [Vilg >. (16)

Both the forms are equivalent to each other on the energy shell i.e. the exact on-shell expressions
are equal, T,; =T, for the transitions for which the total energy is conserved.

Solving a scattering problem in which four bodies take part (two nuclei and two electrons) is
extremely difficult. As usual, at intermediate and high impact energies, the powerful and
versatile procedure of perturbation series expansion is frequently employed. To, this end it is
convenient to convert the schrodinger equation for a four-body problem into the corresponding
integral equation such as Lippmann- Schwinger or Faddeev equations or their corresponding
perturbation expansion series, the correct boundary conditions must always be imposed to the

entrance and exit channels [40-43]. Despite the widely accepted importance of such initial
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conditions [44-49], confusion and debates persisted in the literature for a long time on this very

point.

1.3.2. THE LIPPMANN-SCHWINGER EQUATIONS

The total scattering function is y, =ige " @ (17)
where G* is the full Green’s operator and @' is the wave function. Here, €is an infinitesimally
small positive number. In addition to the total Green operators G* , we also define the initial G;

, the final G;:' and the free Green resolvent propagators G, as

G =(E-H+zie)™ (18)
G =(E-H/+ie)” (19)
G; =(E-H{ tie)” (20)
G, =(E-H,tie)" (21)

These propagators are inter-related by the following Lippmann-Schwinger integral equations for

the total Green functions

G*=G/+G/V'G"

G*=G; +G,V/G*

G* =G, +G,VG*. (22)
Applying the iteration process to equation (6), we obtain the following explanations for the total

Green resolvent G* in terms of G, G and G|

G =G +G; VG +GVGVG; +GiVG{VGIVG] +....... (23)
G'=G+G'V'G +G'V'G'V G +G'V G'VIGVIG! ... (24)
G"'=G;+GV/G;+GV/G,V/G; +GV/GV/G,V/G].... (25)

Hence, the formal solution of the four-body Lippmann-Schwinger equation in terms of the total

Green operator G" is

vi =9 +GTV g =(1+ GVl (26)
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1.3.3. THE BORN EXPANSIONS WITH THE CORRECT BOUNDARY
CONDITIONS

Inserting the formal solution equation (26) into equation (16) for the post form of the transition

amplitude, it follows that ~ Tf =< ¢ ‘Vfd‘\yf’ >=<@; (27)

This implies that by substituting G* from equation (23)-(25) into equation (27), we can write

several different versions of the Born expansions with the correct boundary conditions

(CB1)+ —|,d~++,d| + —|,d~+ +y,d| +
Tlf —Tlf <@ ‘Vf GOVi ¢ >+<o, ‘Vf GOVGOVi @ > Fe (28)
(CB1)+ —l,d~+d| + -y dAt+d~t+od]
Tlf —Tlf <@ ‘VfGi Vi ¢ >+<g, ‘VfGi Vi Gi Vi AR (29)
(CB1) + +
Tlf Tlf +<(of‘V Gt V 2 >+<¢f‘VfoVfoV q) > Fone (30)
CB1) + -
Ti(f ) :<¢f‘Vfd¢ > (31)
(CBD) + .

Here T is the post form of the first Born method with the correct boundary conditions for

the four body collisions i.e. the CB1-4B method [50,51]. Likewise, the n th Born method with
the correct boundary conditions (CBn-4B) may be obtained by keeping the first n terms in the
perturbation expansions. For example, the four body second Born method with the correct

boundary condition (CB2-4B) can be obtained in this way in the forms

(CB2)+ _(CBD+ .  —|d+,d| +
TfO —Tf < VfGoVi ¢ > 32)
(CB2)+ _(CBD+ .  —|d.+,d| +
Tlfl —Tf < VfGi Vi ¢ > (33)
(CB2)+ _(CBD+ . | d+,d| +
T =T T Ve GV |9 > (34)

Here, equation (32) in terms of G: is recognized as a direct extension of the corresponding

CB2-3B method of Belkic [52-54]. Many other versions of Born expansion can be formulated by
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utilizing various possible iterative solutions for G*. In other words, a unique Born series of the

transition amplitude Ti-lf- does not exist.

1.3.4. BOUNDARY CORRECTED CONTINUUM INTERMEDIATE STATE

(BCCIS) APPROXIMATION
Belkic [55] have proposed the new theory CDW and CIS approximation in which the distorting

potential in either channel is chosen to be internuclear two-body coulomb potential. But, the
conventional CIS approximation does not satisfy the correct boundary condition. To overcome
the difficulties of conventional CIS approximation Mandal et al [56] have proposed the boundary
corrected continuum intermediate state (BCCIS) approximation in which the distorting potential
in the entrance channel has been chosen in such a way that proper boundary conditions for the
scattering wave functions are satisfied. Another useful feature of this method lies in fact that the
perturbing potential at which the transition amplitude is calculated, decreases faster than the

Coulomb potential. The formula used here may be extended easily to non-Coulombic interaction.

The prior form of the transition amplitude for single capture in the framework of the BCCIS
approximation may be written as,

, o1 1
T =< y s v > (35)
T rp

The initial non-perturbed wave function is given by
V; =@ (fT)X:(RT) ) (36)
where @, (t;) is the initial bound state wave function. The function xf(ﬁT) is an outgoing

Coulomb continuum wave function representing the projectile ion moving in the field of an
effective ion of charge (Z1-1), so the Schrodinger equation is

(E-H)z =0
~ Lo, . - = Z.(Z.—1
where Xf(RT): e 2 T(1+io,)e™ R 1Fl{—i(>t3;1;i(l<iRT—l<i .RT)}, 0L, :M .
Vi
Here k. is the initial wave vector.
The prior form of the transition matrix element,
Ty =<y; IV, Iy, > 37)
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BCCIS-3B
=<y, V. Iy, >

We write the final wave function,

\P?CCIS(_) :eg(ml I'l+io,)I'(1- l(Xz)elk' Re @ (rp) F{ tog;15— a(vfrT+Vf o )}X

Elioyl-ib(k,R, +K, .R, )} (38)
where a, :ﬁ, o, :%
Vv, Vi

The transition amplitude can be written as

T, = N”derR e Rk Re (3 ( P] Eflio:lia(v,+v, .5 )}

P

Efia,:Liblk,R o) Flio,LilkR, -k R, )} 39)

—(oy—ay—

T[ 0‘2)
where N =¢? T(1-io)I'(1+1a,) (A +ia;).
Using integral representation | F (ia;l;2) = %§drri“‘l (=—1)"" e™ .The transition amplitude of
T1

equation (39) may be written as

A i —ia —ia io —ia io
=5 l)SglmD(sl,XB)§dtltl‘ (t,~1) l§dt2t e, —1) z§>dt3t =)™ ]
g, —0
(40)
[z AD  aik Rp—ikp Rp+iav; it bRy Roty-ik; . Rpts e P et g7t
where J = J‘J‘derRT e , (40a)

Iy , Ry

B, =P—iav;t, and e=¢,—ibk,t,—ik.t,.

Here the constant A is originating from the initial and final bound state wave functions.D(
€,,AB,) is a parametric differential operator used to generate higher excited state wave

functions. B and A are the orbital exponent of the initial and the final bound state wave functions.

Taking the Fourier transform of equation (40a) and using integral representation of general three

denominator integration of Lewis [59], Sinha and Sil [60],
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_ 167t2°j-’ dx

J . 41
a’ ¢a’x’+2b'x+¢’ @b
Using equation (7), the transition matrix element now becomes
NA 167> . i, -1 " T
T = apy a7 LIMPEL BIfde, 65 (1, 1) j K dx (42)

whereK:i( A j ( A j ‘ZE{ial;—i%;l;z}, z:ﬂ.
A\ A+B A+C (A+B)(A+O)

Now the complex integration of t, is converted to real integral which has been subdivided into a
number of sub-intervals and each sub-interval is integrated numerically using Gauss Laguerre
quadrature method. Finally a single electron capture cross sections is obtained numerically over
scattering angles with the Gauss Legendre quadrature method. The orders of two dimensional
integral are varied until convergence to three decimal places is obtained for the total charge

transfer cross sections.
1.3.5. CONTINUUM DISTORTED WAVE (CDW) THEORY

Cheshire [61] has been formulated the continuum distorted-wave approximation (CDW) to
include the continuum intermediate states in impact parameter treatments of rearrangement
collisions. Originally a continuum distorted wave (CDW) was a quantummechanical Coulomb
wave associated with the motionof an electron attached to an ion/atom relative to, and,
whilesimultaneously in, the continuum of another ion [61].The context was charge transfer.
Subsequently this wasgeneralized to the continuum of an electron [62], but notbefore it was
generalized to ionization in an ion-atomcollision [63]. Based on these latter two papers, Crothers
andMcCann [64] invented CDW-EIS (eikonal initial state) whichguarantees unitarity of the
propagating initial state. Otherlater notations for the electron projectile case [62] are C3 and
BBK. CDW is appropriate for high impact energiesand small and medium impact parameters.
CDW-EIS isappropriate for large impact parameters and lower energies.One of the principal

advantages of CDW theory liesin its Coulomb phases which guarantee the correct
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asymptotic/boundary behaviour [65-67].0f course CDW-EIS is intended to describe ionization
inintermediate and high-energy collisions. At lower energiescharge transfer is an important
intermediate event. The wave version of the post form of charge transfer amplitude of Cheshire
may be obtained with the following choices

1 1 1

w, =0, VX:——andwﬁz——E—ug, (43)
X X

whereu, is a short range potential. In CDW approximation, the intermediate continuum states

are taken into account by the choice of some potential in the form of differential operators. These
differential operators find their applications onto the continuous spectrum and operate only on
the subspace where the total scattering wavefunctions may be factorised into two parts, which
satisfy the proper boundary conditions both in the entrance and exit channels. Cheshire [61] has

found the asymptotic form of the cross sections in the CDW approximation as

Smv
Qepw = 02946+ ZT) Qosk (44)

which is of the same form as that of the second Born approximation (B2). This approximation
has been applied by several authors [68-70]. Belkic et al [71], Crothers [72], Datta et al [73],
Mandal et al [74] have applied this method to calculate the charge transfer cross section between
heavy stripped ions with atomic hydrogen in ground state and also with multi-electron
target. Their results fit well with the existing experimental results [75,76].Crothers and McCann
[77] have also examined theoretically the symmetric resonance charge exchange in proton

hydrogen collision using CDW theory within variational framework.

1.3.6. CLASSICAL TRAJECTORY MONTE CARLO (CTMC) METHOD

In 1966, Abrines and Percival [78] was first introduced the classical trajectory Monte Carlo
Method to study ion-atom collisions. Previous classical theory was based on two assumptions: (i)
during the collision the particle obeys Newtonian laws of motion (ii) The many-particle collision
is assumed by two-body collision for each atomic electron. The model can be understood in

terms of classical mechanics including statistical aspects. CTMC is a numerical method used to
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calculate the time evolution of a classical distribution f(Xx,p,t) in phase space. We consider a
collision system composed by two frozen cores (projectile and target cores) of masses M, and

M-t and on active electron of unit mass initially bound to the target.

o
i -
Pe YTe
C.M
—
AZP+ TTp BZ T+
(Mr1.Zp) (Mr.Z1)

Fig.1.2. Collision diagram (symbols have the usual meanings)

Let the cartesian co-ordinates of the active electron with respect to the target ion (T) are q;, q2
and q3 respectively. Let the same quantities are q4, s and qe¢ respectively for the incoming

projectile ion (P) with respect to the centre of mass of the target system. So 1;(i, j=¢,T,P), the

distance between any pair of two particles may easily be expressed in terms of gq; (i =1,6)
provided mass (M) of the residual target ion, mass (Mp) of the projectile ion and electron mass
are known. Let p; (i=1,6) are the canonical momenta conjugate to the rectangular co-ordinate q;

(1=1,6).

2= (1 —q,)” + (M, —q5)” + (=g (45)

I =q;+95+93, (46)
n n n

Top = (M—qu+q4)2 +(M_Tq2+ q5)’ +(M—TQ3+ q.)’- (47)

So the classical hamiltonian of the three system may be written as

3 .2 6 2
Pi P; - - -
H= ;2_}1 +; 21(4 + Vi (0 )+ Vi (1) + Vip (T ) (48)
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M, +1° M, +M, +1’

where (1 =

and Vj; (i,) = e, T, P) is the two body pair interaction between i-th and j-th particle. So the

Hamilton’s equations of motion may be written as

p, = 14q,, 1=1,2,3, (49)

p, =Mgq,, i=4,5,6, (50)

Tp, Ofp, - garTe i Iy Ory My \ My,

(S

) 1 oV 1 oV 1 oV .
P; :___,U(,Uql i+3)_ £ (L(h +qi+3j’ i=1,2,3,51)

. 1 oV 1 oV Y7,
=———q,—uq,;)———|q, +—q.; ,i=4.,5,6, 52
P Tp, OTp, (ql 1_3) Ipp Ofpp ( 1 M, ql_3j 62

where V =V, (t;,)+ V. (5.) + Vip (Tp)

This set of twelve equations given by (49) - (52) describes the motion of the whole system in
center of mass frame of the active electron and residual target ion. The interaction of the active
electron with the target is uniquely determined by the coulomb potential. The twelve coupled
equations are integrated numerically from t = —oco to + oo with the initial conditions determined
from a microcanonical ensemble in terms of six random numbers. Such calculations are repeated
for several thousand trajectories. If Nt is the total number of trajectories calculated and Ny is the
number of trajectories which satisfy the criteria of a particular final channel, the cross section for

the corresponding final channel may be given by,

Ox =&nb2 (53)

max
T

where by 1S the maximum impact parameter beyond which no interaction takes place. The

standard error is calculated as either

37



SZ — GR nbrznax_GR
N, -1

or

1/2
s2=o, (Mj (54)
NTNR
The classical trajectory Monte Carlo (CTMC) method originated with Hirschfelder, who studied
the H + D, exchange reaction using a mechanical calculator [79]. With the availability of
computers, the CTMC method was actively applied to a large number of chemical systems to
determine reaction rates, and final state vibrational and rotational populations (see, e.g., Karplus
etal. [80]). For atomic physics problems, a major step was introduced by Abrines and Percival
[78] who employed Kepler's equations and the Bohr-Sommerfield model for atomic hydrogen to
investigate electron capture and ionization for intermediate velocity collisions of H" + H. An
excellent description is given by Percival and Richards [81]. Peach et al [82] applied the CTMC
method to obtain charge transfer and ionization. Later Wills et al [83] followed the same
technique for different system. Purkait et al [84] have employed the CTMC simulation method to
study the sub-shell distributions of total charge transfer cross sections and total ionization cross
sections in collisions of partuially stripped ions of carbon, nitrogen and oxygen in different
charge states with grounde state atomic hydrogen in the energy range of 10-200 keV/amu. They
have also taken into account the interaction of the active electron with the partially stripped
projectile ion by non-coulomb model potential. Later Ichihiro [85] studied electron transfer cross
sections for slow, highly charged ion-atomic hydrogen collision with CTMC method. Perez and
Olson [86] investigated the state selective electron capture cross sections for low energy
collisions between highly charged bare ions and neutral atoms using this method. Wang et al [87]
also studied the charge transfer and ionization in collisions of ground state Si** jons with atomic
hydrogen. The CTMC method has a wide range of applicability to strongly-coupled systems,
such as collisions by multiply-charged ions [88]. In such systems, perturbation methods fail, and
basis set limitations of coupled channel molecular- and atomic-orbital techniques have difficulty

in representing the multitude of active excitation, electron capture, and ionization channels.
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Vector and parallel-processors now allow increasingly detailed study of the dynamics of the

heavy projectile and target, along with the active electrons.

In many ways it is surprising that a classical model can be successful in a quantum mechanical
world, since the classical radial distribution for the hydrogen atom is described so poorly.
However, hydrogen's classical momentum distribution is exactly equivalent to the quantum one,
and since collision processes are primarily determined by velocity matching between projectile
and electron, reasonable results can be expected. Moreover, the CTMC method preserves
conservation of flux, energy, and momentum; and Coulomb scattering is the same in both

quantam and classical frameworks.
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CHAPTER- 2

STATE-SELECTIVE CHARGE TRANSFER IN ION-ION
INTERACTION AT INTERMEDIATE AND HIGH ENERGIES
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2.1. INTRODUCTION

Atomic data for single charge transfer between different combinations of ion-atom/ion are on
very much demand to study the behaviors of impurity ions in all types of plasma [1]. As a
consequence, both theoretical [2-11] and experimental studies [12-17] of such processes have
made substantial progress. In this theoretical paper, we are mainly concerned with the charge
transfer of hydrogen like ions by the impact of H*, He’* and Li** ions in the wide range of

energies.

The electron capture by protons from hydrogenic ions such as He* and Li** has been
investigated using the Coulomb-Born (CB) approximation [2]. The calculated capture cross
sections in the ground state have been shown a significant difference from the corresponding
Born cross sections in the intermediate energy region. Mukherjee and Sil [5] have calculated the
one electron capture from the hydrogen like target ions by protons and the alpha particles impact
into the ground state and the excited 2s state only using the continuum distorted wave (CDW)
approximation in the energy range 100-2000 keV. They have shown that the major contribution
to the cross sections for the system He**-He* comes from ground to ground state. Fojon et al
[3,4] studied the formation of positronium atoms through electron capture in collision of
positrons with hydrogen like target ions such as He*, Li** and Be’* using Coulomb Born
Approximation (CBA) and CDW-final state approximation (CDW-EFS).They have also
reproduced the differential cross sections and given a scaling law, which is very good for high
nuclear target charge (Zr). The recent experiment on ion-ion collisions was performed by
Brauning et al [16] and this data are compared to other theoretical calculations using a two centre
extension of the basis generator method (BGM) [9-11]. They have also calculated the cross
sections of such reactions using BGM. The experimental data are in reasonably good agreement
with BGM calculation. In this paper [16] we have found that the BGM calculations show
excellent agreement with the iso-electronic resonant collision system He' + He®* as well as the
non-resonant collision system Li** + He?*, He* + H*. Recently, Minami et al [8] have calculated
the charge transfer cross section for H* + He* and He** + Li** collisions using the lattice time-
dependent Schrodinger equation (LTDSE) and atomic orbital close coupling (AOCC) method in

the velocity range of 0.5 to 4 amu. They have only given the state-selective contribution of
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charge transfer cross sections in different principal quantum numbers (n) for H" + He" collision
in tabular form using AOCC, finite-differences LTDSE (LTDSE-FD) and Fourier collection
LTDSE (LTDSE-FC) methods in the whole energy range. We found that their results are slightly
overestimate the BGM results of Brauning et al [16] for He** + Li** collision. They have given a
scaling of the total charge transfer cross sections. However, to the best of our knowledge, no
theoretical data of details sub-shell results for the collision system are available. Under the
context, we are motivated to study the sub-shell distribution of charge transfer cross sections for
H* + He*, He®* + He', He** + Li** and Li>* + Li** collisions in the 30-2000 keV/amu impact
energy range. Here we have employed the three body formalism of the boundary corrected

continuum intermediate state (BCCIS-3B) approximations.

The plan of this paper is as follows. Presenting the details of our calculations in Section
2, we discuss our computed results in Sec. 3. Finally in Sec. 4 we make our concluding remarks.

Atomic units have been used throughout.
2.2. Theory

The total Hamiltonian for the collision system may be written as

H=H;+V,=H;+V; (1)
Z,Z.—1 Z Z Z
where, Hi:—LVf{ +M_ivf - Vi:—P——P
2p, T R; 22 7 1 R; 1,
Z
and H, =—LV§ —LVi——P,
2u, T 2b %,
Vf:%_ﬁ’ui:Mp(l+MT)’uf:MT(1+MP)’a: M, b= M,
R, I I+M,+M; I+M,+M; I+ M, 1+M,

Here e, T and P present active electron, target ion and projectile ion respectively. RT andliP be

the position vector of P and T relative to the centre of mass of (T, e) and (P, e) respectively. The
initial non-perturbed wave function is given by
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v, =0.E)x Ry) )

where ¢, (t;) 1is the initial bound state wave function. The function xf(ﬁT) 1S an outgoing

Coulomb continuum wave function representing the projectile ion moving in the field of an

effective ion of charge (Z1-1), so the Schrodinger equation is

(E-H)x =0
5 ) 2" R - Z,(Z—1
where ; (R, )=¢ 2“1 +iae™ ™ Ffiastilor, -k R, )L o =250
Here Kk, is the initial wave vector.
The prior form of the transition matrix element,
Ti(f_) =<y Vi ly; > =< ‘Vfcas_m IV, Ty, >, 3)

We write the final wave function,

E(“l“’z) . . ik. R - . . .
‘P?CCIHB =e? F(l+10(1)F(1—10Lz)e“‘f'RP & (rP)IFl{—l(xl;l;—la(vfrT+ Vi .rT)}x

FElia,;l-iblk,R,+K, .R, )} @
Z 7,7
where o, =—-, o, =——1~
Ve Ve

The transition amplitude can be written as

_ - 15 ik Rr—ik; .Rp % (= Z Z . . - -
T, :N”derRTe Ki-Remike Re gy (rp)(R—P—r—leFl{lal;l;la(VfrT+ vV, . )X
T P

Ftio,Liblk,R,+K, R, )} o) Etie:LilkR, -k R, )} (5)

1
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where N =¢? T(I-ia)I'(1+1a,) (A +ia;,).

Using integral representation | F (iel;2) = %ﬁdrri“‘l (t—1)""*e™ .The transition amplitude of
T1

equation (5) may be written as

(6)

AN . io — —ia —io, — io —ioy— i
£im DGe, LBt e (6= D)7 fde, 15 (1, = 1) fdt, 7 (6= D™ T

@m0

e_ﬁl Ir e—MP e_SRT

- 15 ik, .Rp—iKp.Rp+iav; .Frt,+ibk; Ryt —ik;.R
where J :.[J-derRT 'Rt Re Ve mrt bl Reta 7t - Res , (6a)
1, R;

B, =B-iav,t, and e=¢,—ibk,t,—ik,

1

t,.

Here the constant A is originating from the initial and final bound state wave functions.
D(g,,A,B,) is a parametric differential operator used to generate higher state wave functions. f3

and A are the orbital exponent of the initial and the final bound state wave functions.

Taking the Fourier transform of equation (6a) and using integral representation of general three

denominator integration of Lewis [18], Sinha and Sil [19],

167° 7 dx
J= . 7
a’ J).a'x2+2b'x+c' @
Using equation (7), the transition matrix element now becomes
NA 167[2 . —ia, -1 iuzw
T = om 2 {gglmel,x,ﬁ)%tztz (t,=1) j K dx 8)

whereK:i( A j ( A j ‘ZE{ial;—im;l;z}, z:ﬂ.
A\ A+B A+C (A+B)(A+0O)
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Now the complex integration of t, is converted to real integral [20, 21] which has been
subdivided into a number of sub-intervals and each sub-interval is integrated numerically using
Gauss Laguerre quadrature method. Finally a single electron capture cross sections is obtained
numerically over scattering angles with the Gauss Legendre quadrature method. The orders of
two dimensional integral are varied until convergence to three decimal places is obtained for the

total charge transfer cross sections.
2.3. Results and discussion

Total charge transfer cross sections have been obtained by summing over all contributions
into each shell up to n=3. Variation of total charge transfer cross sections with the incident
energy of the projectile ion are reported in graphical form for resonant and non resonant collision
systems in Figures 1-4. Sub-shell distribution of total charge transfer cross sections have been

displayed in Table I-IV.
A. Non-resonant reactions

In figure 1 we display the present BCCIS-3B results along with available experimental and
theoretical data for the iso-electronic collision system H* + He® and shows good overall
agreement with the experimental results [12-15] and other theoretical results [2,5,8]. Looking in
more details reveals that in comparison with the experiments our results are slightly smaller than
the measurements below 50 keV/amu. We find that the CDW results is about 84% larger at 400
keV and about 50% lower at 1000 keV. But our results are in good agreement with the results
obtained by LTDSE-FD [8] method. The results of this reaction are given in Table I. From Table
I, we see that the Is cross sections are more significant than the other states. The cross section
shows the typical dependence on the collision energy with a maximum around 50 keV. For the
non-resonant collision system He®* + Li**, our theoretical data given in Table II are compared
with only the recent experimental data [16] and the theoretical results [5,8] in figure 2. Here the
agreement between our results and experiment is very good in the low energy range (less than 60
keV/amu). Due to the higher charge state of the target, the peak positions of cross sections shift

towards the higher projectile energies (near almost 80 keV/amu). From this figure 2, we have

49



seen that our results are underestimated compared to the other theoretical results. This may be
due to the contribution of higher excited states, but the nature of the curve remains same. Here
the ground state capture cross sections are maximum but less with respect to iso-electronic
collision system H" + He". We note, regarding the importance of various angular momenta, the
inclusion of ¢ =1state accounts for the majority of the resulting cross sections at low energies

and ¢ =0 state at high energies.
B. Resonant reactions

In figure 3 our measured cross sections for He®* + He" collisions are plotted against the
projectile energy together with previous theoretical results [5,6] and measurements [17]. Our
results are in good agreement with CDW results but not so good with CTMC results [6]. At low
collision energies, the agreements between the experimental results of Melchart et al [17] with
our BCCIS-3B results are poor at 50 keV/amu energy. The computed results are given in Table-
ITII. We find from the table that the major contribution to the cross sections comes from ground
state as it is a resonating state. Since it is a resonant and charge symmetric system, large cross
sections would be expected at intermediate collision energies. Here also we find that the
contributions from n=2 state may not be ignored. Due to non-availability of any experimental
data, the variation of single electron capture cross sections with projectile energy are only
compared with the results of Brauning et al [16] which is shown in figure 4. The computed
results have been displayed in Table IV. From this graph, it is evident that the present computed
results agree well with the results of Brauning et al [16] above 30 keV/amu energy. The Table IV

shows the same feature as like He** + He* collision but gives the higher value of cross sections.
2.4. Conclusions

By applying the three body boundary corrected continuum intermediate state (BCCIS-3B)
approximation to ion-ion collision system, the results obtained are reasonably good in the whole
energy range 50-2000 keV/amu. The distortions in the final channel related to the Coulomb
continuum states of the residual target are included. The charged target ion introduces additional

complications through the inclusion of a continuum state. At intermediate collision energies,
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large cross sections can be obtained from a resonant and symmetric charge system than non-

resonant and a symmetric charge system. For resonant collision systems differ simply by just one

greater unit of charge on both the projectile and the target, it is found that the magnitude of cross

sections will increase.

TABLE-I. State selective cross sectionsc,, (in 10"® cm?) for charge transfer in H*-He

+

collisions. The integer in parenthesis indicates the power of ten by which the number has to

be multiplied.
Energy 1s 2s 2p n=2 3s 3p 3d
(keV/amu)
30 1.58(-1) | 3.37(-3) | 7.20(-3) | 1.06(-2) | 1.56(-4) | 9.28(-4) | 7.04(-5)
40 1.81(-1) | 3.07(-3) | 7.80(-3) | 1.09(-2) | 1.52(-4) | 8.96(-4) | 4.83(-5)
50 2.03(-1) | 2.73(-3) | 7.31(-3) | 1.00(-2) | 1.42(-4) | 7.98(-4) | 3.08(-5)
60 1.87(-1) | 1.55(-3) | 6.98(-3) | 8.53(-3) | 1.10(-4) | 3.41(-4) | 2.17(-5)
80 1.50(-1) | 1.21(-3) | 4.54(-3) | 5.75(-3) | 8.52(-5) | 1.51(-4) | 1.45(-5)
100 1.14(-1) | 9.21(-4) | 3.30(-3) | 4.22(-3) | 4.43(-5) | 1.00(-4) | 1.17(-5)
200 1.79(-2) | 2.71(-4) | 5.06(-4) | 7.77(-4) | 2.00(-5) | 7.85(-5) | 3.23(-6)
400 1.87(-3) | 5.63(-5) | 4.89(-5) | 1.05(-4) | 1.00(-5) | 3.98(-5) | 2.08(-7)
500 8.04(-4) | 3.15(-5) | 1.04(-5) | 4.19(-5) | 4.43(-6) | 1.27(-5) | 6.37(-8)
800 1.03(-4) | 5.00(-6) | 9.38(-7) | 5.93(-6) | 3.39(-7) | 4.34(-6) | 3.91(-9)
1000 3.73(-5) | 2.14(-6) | 2.74(-7) | 2.41(-6) | 9.91(-8) | 1.52(-6) | 9.49(-10)
Continue to Table-I
Energy n=3 Total
(keV/amu)
30 1.15(-3) | 1.70(-1)
40 1.10(-3) | 1.93(-1)
50 9.70(-4) | 2.14(-1)
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60 4.70(-4) | 1.96(-1)

80 2.50(-4) | 1.56(-1)
100 1.56(-4) | 1.18(-1)
200 1.00(-4) | 1.87(-2)
400 5.00(-5) | 2.02(-3)
500 1.72(-5) | 8.63(-4)
800 4.68(-6) | 1.14(-4)
1000 1.62(-6) | 4.13(-5)

TABLE-IL State selective cross sections G, (in 10 cm®) for charge transfer in He** -Li**

collisions. The integer in parenthesis indicates the power of ten by which the number has to

be multiplied.
Energy 1s 2s 2p n=2 3s 3p 3d
(keV/amu)
30 6.40(-2) | 9.20(-3) | 1.23(-2) | 2.15(-2) | 8.13(-3) | 1.25(-2) | 9.61(-4)
40 7.56(-2) | 1.15(-2) | 1.25(-2) | 2.40(-2) | 1.03(-2) | 1.42(-2) | 1.22(-3)
50 1.02(-1) | 5.15(-3) | 2.80(-2) | 3.31(-2) | 2.79(-3) | 3.79(-3) | 3.44(-4)
60 1.07(-1) | 9.96(-3) | 1.85(-2) | 2.84(-2) | 7.41(-3) | 9.19(-3) | 1.05(-3)
80 1.46(-1) | 1.68(-3) | 1.30(-2) | 1.46(-2) | 7.07(-4) | 1.55(-3) | 9.61(-5)
100 1.22(-1) | 5.14(-3) | 8.21(-3) | 1.33(-2) | 1.99(-3) | 3.11(-3) | 1.83(-4)
200 4.67(-2) | 1.73(-3) | 1.46(-2) | 1.63(-2) | 9.95(-4) | 6.15(-4) | 1.05(-4)
400 1.29(-2) | 9.32(-4) | 2.01(-3) | 2.94(-3) | 8.19(-4) | 3.51(-4) | 2.06(-5)
500 8.38(-3) | 6.88(-4) | 4.39(-4) | 1.12(-3) | 4.08(-4) | 1.64(-4) | 3.60(-6)
800 2.94(-3) | 1.34(-4) | 9.89(-5) | 2.32(-4) | 1.36(-4) | 5.08(-5) | 2.51(-6)
1000 1.66(-3) | 6.23(-5) | 3.13(-5) | 9.36(-5) | 7.69(-5) | 2.34(-5) | 1.01(-6)
2000 1.97(-4) | 4.76(-6) | 3.76(-6) | 8.52(-6) | 8.98(-6) | 1.40(-6) | 3.10(-8)
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Continue to Table-11

Energy n= Total
(keV/amu)
30 2.15(-2) | 1.07(-1)
40 2.54(-2) | 1.25(-1)
50 6.92(-3) | 1.41(-1)
60 1.76(-2) | 1.53(-1)
80 2.35(-3) | 1.63(-1)

100 5.28(-3) | 1.40(-1)
200 1.71(-3) | 6.47(-2)
400 1.19(-3) | 1.70(-2)
500 5.75(-4) | 1.00(-2)
800 1.89(-4) | 3.36(-3)
1000 1.01(-4) | 1.85(-3)
2000 1.04(-5) | 2.15(-4)

TABLE-III. State selective cross sections 6, (in 10" cm®) for charge transfer in He** - He*

collisions. The integer in parenthesis indicates the power of ten by which the number has to

be multiplied.
Energy 1s 2s 2p n=2 3s 3p 3d
(keV/amu)
30 9.35(-1) | 8.40(-2) | 3.33(-1) | 4.17(-1) | 5.83(-2) | 1.02(-1) | 3.27(-2)
40 1.11(+0) | 6.84(-2) | 3.12(-1) | 3.80(-1) | 1.80(-2) | 2.03(-2) | 2.44(-3)
50 1.00(+0) | 8.00(-2) | 3.30(-1) | 4.10(-1) | 1.52(-2) | 2.00(-2) | 4.64(-3)
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60 9.70(-1) | 3.83(-2) | 2.72(-1) | 3.10(-1) | 8.56(-3) | 1.23(-2) | 1.38(-3)
80 6.84(-1) | 4.36(-2) | 2.46(-1) | 2.89(-1) | 1.04(-2) | 1.38(-2) | 3.73(-3)
100 4.93(-1) | 4.65(-2) | 2.03(-1) | 2.49(-1) | 1.31(-2) | 1.39(-2) | 3.28(-3)
200 1.05(-1) | 1.13(-2) | 2.71(-2) | 3.84(-2) | 5.40(-3) | 4.20(-3) | 4.25(-4)
400 2.36(-2) | 4.67(-3) | 2.22(-3) | 6.89(-3) | 1.23(-3) | 8.44(-4) | 7.80(-5)
500 1.26(-2) | 1.47(-3) | 9.85(-4) | 2.45(-3) | 6.67(-4) | 3.75(-4) | 2.89(-5)
800 2.82(-3) | 1.44(-4) | 6.73(-5) | 2.11(-4) | 1.47(-4) | 5.51(-5) | 2.77(-6)
1000 1.21(-3) | 5.05(-5) | 1.69(-5) | 6.74(-5) | 6.26(-5) | 1.92(-5) | 7.94(-7)
2000 5.24(-5) | 1.89(-6) | 1.02(-6) | 2.91(-6) | 2.46(-6) | 3.82(-7) | 8.16(-9)

Continue to Table-I11

Energy n=3 Total
(keV/amu)
30 1.93(-1) | 1.54(+0)
40 4.07(-2) | 1.53(+0)
50 3.98(-2) | 1.45(+0)
60 2.22(-2) | 1.30(+0)
80 2.79(-2) | 1.00(+0)
100 3.02(-2) | 7.72(-1)
200 1.00(-2) | 1.53(-1)
400 2.15(-3) | 3.26(-2)
500 1.07(-3) | 1.61(-2)
800 2.05(-4) | 3.23(-3)
1000 8.25(-5) | 1.35(-3)
2000 2.85(-6) | 5.81(-5)
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TABLE-IV State selective cross sections ¢, (in 10® cm?) for charge transfer in Li** - Li**

collisions. The integer in parenthesis indicates the power of ten by which the number has to

be multiplied.
Energy 1s 2s 2p n=2 3s 3p 3d
(keV/amu)
30 1.35(+0) | 1.35(-1) | 1.46(-1) | 2.81(-1) | 3.09(-1) | 3.80(-1) | 8.02(-2)
40 1.28(+0) | 7.44(-2) | 9.36(-2) | 1.68(-1) | 2.47(-1) | 2.39(-1) | 5.04(-2)
50 1.00(+0) | 5.30(-2) | 1.17(-1) | 1.70(-1) | 1.34(-1) | 1.65(-1) | 3.08(-2)
60 7.94(-1) | 4.70(-2) | 1.27(-1) | 1.74(-1) | 8.12(-2) | 1.17(-1) | 2.21(-2)
80 4.86(-1) | 2.17(-2) | 2.02(-1) | 2.23(-1) | 4.93(-2) | 3.51(-2) | 9.47(-3)

100 2.97(-1) | 2.40(-2) | 2.14(-1) | 2.38(-1) | 3.85(-2) | 4.11(-2) | 1.21(-2)
200 1.22(-1) | 1.88(-2) | 6.08(-2) | 7.96(-2) | 5.46(:3) | 7.55(-3) | 6.92(-4)
400 4.15(-2) | 5.68(-3) | 2.29(-2) | 2.85(-2) | 2.41(-:3) | 2.24(-3) | 3.50(-4)
500 2.71(-2) | 5.48(-3) | 1.38(-2) | 1.92(-2) | 1.99(-:3) | 1.86(-3) | 3.17(-4)
800 1.03(-2) | 3.50(-3) | 2.14(-:3) | 5.64(-3) | 8.67(-4) | 7.62(-4) | 1.15(-4)
1000 | 7.21(-3) | 1.15(-3) | 7.28(-4) | 1.87(-3) | 3.28(-4) | 2.94(-4) | 3.18(-5)
2000 8.68(-4) | 2.39(-5) | 4.61(-5) | 7.00(-5) | 3.92(-5) | 1.78(-5) | 1.06(-6)

Continue to Table-IV

Energy n=3 Total
(keV/amu)
30 7.69(-1) | 2.40(+0)
40 5.36(-1) | 1.98(+0)
50 3.29(-1) | 1.50(+0)
60 2.20(-1) | 1.18(+0)
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Figure 1. Comparison of the total charge transfer cross sections in H" + He" by various theories

and experiments. Correspondence between each symbol and methods / authors is given in the

figure.
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CHAPTER-3

SINGLE- ELECTRON CAPTURE PROCESSES IN
COLLISIONS OF He?*, Lia* (q=1, 2, 3), C¢* AND 08+ IONS
WITH HELIUM
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3.1. INTRODUCTION

Single-electron capture by the multiply charged projectiles from multi-electron atoms has
recently received considerable attention from theoretical [1-23] as well as experimental [24-35]
points of view due to its fundamental importance and various possibilities of applications in
plasma physics, astrophysics, and controlled thermo-nuclear fusion research. As to applications,
single-electron capture from helium atom by partially stripped ions also plays an important role
in tokamak fusion plasmas [1]. In the development of the theoretical formulation of charge
transfer processes, Dewangan and Eichler [2] are premier to find that the boundary conditions for
the transition potential and the scattering wavefunction have to be satisfied properly in first and
higher order calculations. Any exception to it is sure to generate singular structure of the
transition amplitude. These characteristic features have been critically analysed by their latter
works [3,4] and by others [5-7] as well. If either or both of the collision partners are many
electron systems, the influence of the electron-electron interaction is important on the dynamics
in the collision phenomena [6]. Since the helium atom is the simplest of many electron target
where one can assess the importance of electron correlations, its investigation has attracted most
attention from both the theoretical and experimental works. The role of electron correlation
during a high energy ion-atom collision was investigated [21-23] by the correlation in the initial
and final states. There are two kinds of electronic correlations: static and dynamic. Static
correlations are built into multi-electron bound state wavefunctions. The dynamic correlations
describe interactions between two electrons in the exit channel. Such type of correlation is one of
the causes of the transition from the initial to the final state of the four-body system. In the
present theoretical investigation, we have focused our attention to determination of electron
transfer from helium atom by the impact of He?*, Li%* (q=1-3), C®*,and O®" projectile ion in the

energy range of 50 -5000 keV/amu.

Cross sections for single-electron capture to the ground state in collisions of protons,
alpha particles and lithium nuclei with He atoms are calculated at incident energies from 0.025 to
4 MeV/amu in the independent-electron-approximation (IEA) [8]. The calculations show that
below 500 keV/amu there are substantial differences with the experimental results. Jain et al [9]
have studied the sub-shell capture cross sections from helium atoms in collisions with bare ions
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in the framework of two-center atomic-orbital-(AO) expansion method at high energies and
compared those findings with experimental results. The results are in good agreement with the
existing experimental data in the high energy region. With the extension of previous work of
Belkic et al [10] and Mancev [11] have calculated the single-electron capture cross sections by
fully stripped projectile ions from helium like atom in the energy range of 50 keV to 10 MeV
with in the framework of the four-body formalism of continuum distorted wave (CDW-4B)
method. In this work both static and dynamic correlations have been included through the
perturbation potentials and the bound state wave function. Computed results are not in
satisfactory agreement over the whole energy range. Later, Mancev [12] have employed the
same method to calculate the total cross sections for single electron capture and transfer
jonization for Li**+He(1s?) collision. In this work, state-selective single electron capture cross
sections have been displayed in tabular form at a few selective projectile energies. Mancev [13]
have also developed second order Born distorted wave approximation (BDW) to study the single
charge transfer in fast symmetric collisions between alpha particles and helium. Recently
Mancev and Milojevic [14] have applied the four-body boundary-corrected first Born
approximation (CB1-4B) both in post and prior form to study the single-electron capture cross
sections from He atom by H" and He" ions respectively. The results so obtained have reasonable
agreement with the experimental findings except in the low energy region. Under the context, we
are motivated to study the single charge transfer cross sections from He atom by fully stripped
(He™, Li**, C®, O*) ions and partially stripped projectile ions (Li*,Li**) in the energy range 50
to 5000 keV/amu. Based on the success of the four-body formalism of the boundary corrected
continuum intermediate state (BCCIS-4B) approximation [36,37], we are motivated to study the

above mentioned processes in the framework of BCCIS-4B theory.

The organization of the paper is as follows. Sec.II contains the theoretical calculations of
the problem. Results and discussion are presented in the Sec.III. Finally, conclusions are given in

Sec.IV. Atomic units have been used throughout the work.
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3.2. THEORY

Single-electron capture from a two-electron atom by the impact of projectile ions (He™,

Li%(q=1,2,3), C*, 0O*") may be written as

ZP+(ZT761962)1 _)(Zpael)fl +(ZTaez)f2 ’ (1)

where Zp and Zr are the nuclear charges of the projectile and the target respectively. e;and e, are
two electrons initially bound to the target nucleus and finally one active electron is bound to the
projectile. The total Hamiltonian of the whole collision system may be written as

H=H,+V, =H,;+V,, )

where H;r represents Hamiltonian in the entrance and exit channel respectively and Vi are the

corresponding perturbation potentials. In the initial channel,

H = _ﬁ_ZT i V. = ZpZy _ﬁ_é
l ’ X, X, I ’ l R S; S,
and H, 1y Ly ] 4

In the final channel,
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and Hy=-—V2 ——v2_Ly2
2u, 2b 2a

M,(2+M;)  (Mp+1)(M,+1) o My M,
YO24M+M, T 1+M, 0 1+M,

24 M,+M,

Here e, T and P represent active electron, target atom and projectile ion respectively. R denotes

the position vector of the projectile (P) relative to the target (T) nucleus. X;ands; (j=1,2) are the
electron co-ordinates measured from the target and projectile nuclei respectively. W, ,pu;, a and b

are the reduced masses associated with the relative coordinates R, R, X, (G=1,2), and s,

— —

(j=1,2), respectively. The interelectronic co-ordinate is denoted by 1, =5,—5s, =X,—X,.
The prior form of the scattering amplitude may be written in the form
T =<y IV Iy, >, 3)

where v, (X,,%,)=¢""" 0 (%,,%X,). ¢.(%,,%,)is the product of one-parameter orbitals for the

initial bound state of helium atom with effective charge Z.¢=1.6875. wﬁ_) is the distorted wave in

the final channel. Here one electron is active and other electron is passive. The passive electron
plays the role to screen the target ion in the final channel. However the interaction of the active

electron and the projectile ion with the screened target ion are described by the Coulomb

continuum wave functions in the final channel. The final state wave function \V({) is given by

oy -ay) . . ik. R . . -
vy =e? TT+ia)T(I-ia,)e™ ™ FEfia;l;—i(v, x, +V, .5 )}x )
lFl{iU’Z;l;_ib(kfRT-i_lzf'ﬁT)}¢f(§2’§l)
Z.—1 Z,(Z.—1
where o, =——, a, =M.
Vv, Vv,

In post form the scattering amplitude may be written as
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Ti(f+) =<y, [V; Ty > (%)
Here the wavefunction in the final channel is given by
Vi =@ (gl’iz)xg(ﬁP)’

where @, (§1,f<2)is the final bound state wavefunction which is the product of hydrogen like
wavefunctions and x;(ﬁp) is the Coulomb distorted wave in the exit channel. Since both the

target and the projectile are ionic in nature except for Li"+ He collision, their relative motion

should be described by Coulomb continuum functiony (ﬁp ), which satisfies the equation

J— —_ 2 .
(_Lv; L2102 -1) K ]x;(RP)=0.
2p, R, 2y,

However, in the construction of the above differential equation we have used the asymptotic
form of the internuclear interaction to take account of the effect of core electron (s) in both the

target and the projectile.

Solving this equation, we find

X;(ﬁp): e_g%lﬁ(l—ioc3)e““'RP 1Fl{i()t3;1;—i (kfRP+kf .ﬁp)}, (6)

Z,—1\Z.—1 —
where ., =M and k,is the final wave vector. y,, the Coulomb continuum
Ve

wavefunction in the entrance channel, is given by

E(al ~a,)

Y =e? F(l—ial)F(l+ia2)eiEi‘ﬁTlFl{i a1 (v, s,+V,.5,)} 7
11:1{_i0‘2;1;i (kiRP+lzi‘ﬁP)}¢i(il’§2)’
where a, =£ , o, =M.
V. V.

1 1
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It is well known [36,37] that the post form of the BCCIS-4B method is suitable for asymmetric
collision ( Zp> Zr ) and for symmetric collisions, either form of the transition matrix element

may be used.

The transition amplitude in the prior and post forms for single capture in the BCCIS-4B method

may be written as

Ty = N[[[dx d%,dR e ™ * " fr ! (%, 5)) i1 (v x, +9, 5, )}x

. . - = 2,2, Z, Z o
lFl{_la2;1;lb(kfRT+kf'RT)}[ - T__P__PJ¢i(X1’X2)a ®)
R S8,
oy o) Z.—1 7 (Z—1
where N=e2""Flia)[(1+in,). o =27 and o, = 227D
V¢ Vg

and T = N[[[dx,d%,dRe ™ * ™R (R, §) Bia,s1si (v, 5, + 9, 5, )}
- = 1 1 1 1 1 1
Fria,;lilkR-K,.R J8Z,| ——— |+ Z,| ——— |+]| ———
11{10‘2 1(1 1 )){ T(R le P(R Sz] (rlz RJ}X )
1F1{_ia3;1;i(kfR+Ef'ﬁ)}ﬂ(il’iz)a

(0‘1‘0‘2

z -a3)
where N =e¢? F(l-ia)T(A+ia)C(I+ia,), a, =2 , a,="1""2 2,

(ZP — 1)(ZT — 1) )

P

and o, =

. . . . 1 —ia ,ig— z .. .
Using integral representation, F, (iasl;2)= —_j;dt (t=1)"*t'*"e*" | the transition amplitude of
mi

equations (8) and (9) may be written as
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- AN : ioy— —ia —iol, — i
= £im D(3,,7,, 0,0, 8)fdt, 0 (4 = 1) fde, 65 (6= D (10)
27@)" ¢ .20, -0
. —Bix, —Baxy sy —Aasy -&R
where J :jjjdildizdRelki.RT—lkr.RPHv(.x]tl-ku(.th © ° e ¢ ° ’ (11)
X, X, S, S, R

B, =98,—1v,t,, B, =06,+y,and e=¢g,—1ibk,t,.

NA . -, io— ioy, ,—ia,—
and T = (2xi) xf,inloD(Spyz’)“l’7‘2’81)§dt1(t1_1) 4 li;dtz(tz_l) 1y
fat, (e, -1 ¢ (12)
T —Bix; —Bax; sy —Aoryp -¢R
where J = IJ‘Idildiz dRelki.RT—1kf.RP+1vf.xlt]+1bkf.Rt2 € .e ‘e .e .e ’ (13)
X X S I, R

B,=06,, PB,=0,+y, and e=¢,—ik,

1

t,—ik,t,.

Here the constant A originates from the initial and final bound state wave functions.
D@,,v,,A;,\,,€,)is a parametric differential operator used to generate the excited state wave

functions. d,,y,andX, are the orbital component of the initial and final bound state wave

A1

in

. . . . 1 . .
functions. To obtain the perturbation potential term — in the final channel, the term
S, Iy

=Xy 8,y

equation (13) is replaced by € and the parametric differential operator D(8,,v,,%,,A,,€,)

Sy

should be changed accordingly.

Using the techniques of Fourier transform, Feynman parametric integral and the integral
representation of three denominator integral of Lewis [38], equation (11) or (13) may be reduced

following Sinha and Sil [39] as
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dx dy

1 oo
J=32n [== (14)
! A £A+ Bt,+Ct,+ Dt t,
E 2
where A :{(I—a)kf— i } (1—X)+B§X+X§(1—x)f0rpost form
+M;
12 2
and A* = ! 1—-x)+PB2x+As(1—x) for prior form.
{2+MT} ( )+B; 5 ( ) p
So the transition matrix element given by the equation (10) and (12) may be reduced as
1 dXoo
Ty =320 AN fim D@, 7,046~ [dyK (15)
£ Ay —0 o Ay
AN 4 . pdx 7
+) _ 3 —iog—1 _1)\ios . -
and T =32n —(zni)§dt3t3 (t,—1) ElliklgoD(Sl,ypkl,kz,el)! A !dyK, (16)
where K = A7 (A+B)™ (A+C) ™™ ,F (ia,;~i0,;1;z) and z = M
(A+B)(A+O)

The prior form of the transition amplitude contains two-dimensional integrals such as Lewis and
Feynman, but the post form of the transition amplitude contains three-dimensional integrals such
as Lewis, Feynman and a complex contour integration. The complex contour integration is
changed into real integral from O to 1 which has been subdivided into several parts and each
subdivision is integrated using Gauss-Laguerre quadrature method. The Lewis and Feynman
integrals have been performed numerically by the Gauss-Legendre quadrature method. Finally
single-electron capture cross sections are obtained numerically over scattering angles with the

Gauss Legendre quadrature method. Convergence has been tested with an accuracy of 0.1%.
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3.3. RESULTS AND DISCUSSION

Total single electron transfer cross sections have been obtained by summing over all
contributions from individual shells and sub-shell upto n=3 since the results have been found to
converge within 8%. Variation of single-electron capture cross sections in collisions of different
projectile ions with helium atoms in the energy range 50-5000 keV/amu are plotted in Figs. 1-6
respectively using both prior and post forms of BCCIS-4B approximation. Post-prior discrepancy
has been found to be less than 30% except for Li* + He interaction below 150 keV/amu.
However, numerical results for the sub-shell distribution of the total single charge transfer cross

sections may be obtained on request.
A. Symmetric collision

In Fig.1, we have displayed the present results both in post and prior form for symmetric
collisions of He**- He as a function of incident projectile energy from 100 to 5000 keV. Our
computed results are compared with the measurements of Shah and Gilbody [24], Shah et al
[25], de Castro et al [26], DuBois [27], and the theoretical results of Mancev [11,13,14], and
Dunseath and Crothers [16]. The present results have good agreement with the experimental
results of de Castro et al [26] below 2000 keV. It is also evident that the present computed results
agree well with the experimental results of Shah and Gilbody [24] and DuBois [27] above 300
keV. CDW-4B results of Mancev [11] are in fair agreement with the experimental results at high
energies but large variation is observed at low energies. This is expected because CDW
approximation may not be accurate at lower energies. It is also observed that the present
computed results agree well with the theoretical results of Dunseath and Crothers [16] using the
prior form of CDW-IEM approximation using hydrogenic wavefunctions (HCDW), but
agreement is not satisfactory with the same method using Pluvinage wavefunctions (PCDW) in
the whole energy range. The BDW results of Mancev [13] underestimate the experimental results
in the high energy region, which have almost similar energy variation of cross sections with the
CDW-4B results. However, the results obtained in the CB1-4B method by Mancev and
Milojevic [14] have good agreement with the experimental findings [24-27] between 150 and

5000 keV. However, they have calculated the total single electron capture cross section by
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multiplying a scaling factor (1.202) with ground state capture cross section in order to include
the contribution from higher excited states. We have observed that the ground state capture is
dominant. This is expected because of the energy resonance and velocity matching of the active
electron in the initial and final state. However, it is evident from Fig.1 that the present results
obtained using post form has superiority over the results from prior form in connection with their
comparison with experimental observations. This may be due to the fact that dynamic electron
correlation with certain approximation has been included in the post form where static electron
correlation has been highly simplified in prior form due to the use of helium wavefunction in the

independent particle model with frozen core approximation.
B. Asymmetric collision

In Fig. 2, we compare our theoretical results in both forms of transition amplitude for
Li**- He collision together with a number of theoretical [8,12,17] and experimental results
[24,28-30]. The present results are seen to be in good agreement with all the measurements
above 150 keV/amu. However, the present results in post form have good agreement with the
experimental findings of Shah and Gilbody [24] below 150 keV/amu as well. The reason may be
due to inclusion of continuum interaction of the active electron with the projectile ion of higher
charge together with the reasons mentioned earlier. It is also observed that the CDW-4B results
of Mancev [12] underestimate the experimental results [24, 28-30] as well as present theoretical
results in the whole energy region. The results of Belkic [17] in the prior and post form of the
CB1 method using the independent particle model and the Roothan-Hartee-Fock target screening
have very good agreement with the present results in the energy range 50 keV/amu to 1000
keV/amu. However the results of Sidorovich et al [8] overestimate the present findings at high
energies. We have also found that ground state capture cross sections are competitive with those
from the excited states due to the reasons cited above. Our results for Li**- He collision in the
energy range from 50 to 5000 keV/amu are depicted in Fig.3. Present computed results in post
form are in good agreement with the measurements of Woitke et al [30] and the theoretical
results of Mancev [18] in the whole energy range. In this case the ground state capture cross
sections dominate over other states. Here we have used the binding energy screening for the
partially stripped projectile ions. Due to non-availability of any theoretical data for Li'-
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Hecollision, the present results in both forms have been compared with the experimental results
of Woitke et al [30] shown in Fig.4. The present results in prior form are not satisfactory in the
energy range below 500 keV/amu. Further the present results in post form have good agreement
with the experimental results of Woitke et al [30] down to 200 keV/amu. However the post-prior
discrepancy below 150 keV/amu is very high. This may be due to exclusion of many body
effects in our formulation in such low energy region. Total cross sections for single-electron
capture for C®- He collision is shown in Fig.5. The present data in both forms are compared
with other available measurements [31,32] and theoretical data [9,19,20]. The agreement of the
present cross sections with the results of Classical Trajectory Monte Carlo (CTMC) [19] and the
two-center Atomic-orbital expansion [9] results are satisfactory in the whole energy range.
However the results of Unitarized distorted-wave approximation (UDWA) [20] are higher than
the present results at 400 keV/amu and 700 keV/amu respectively. Further the present results are
in good agreement with the experimental results [31,32]. In such case the post-prior discrepancy
is less than 10%. For O**-He collision, present computed results in both forms are presented in
graphical form in Fig.6. We have compared our theoretical results with a number of experimental
results [31-35] and theoretical results [9,19,20]. It is evident that the present results show good
agreement with other theoretical results [19,20] below 3000 keV/amu. The present computed
results are found to be in agreement with the available experimental findings [31,32]. However
the experimental results of Afrosimov et al [33] underestimate the present results below 1000

keV/amu to a fair extent. In this case as well the post-prior discrepancy is less than 10%.
3.4. CONCLUSIONS

The four-body boundary corrected continuum intermediate state (BCCIS-4B)
approximation previously employed for double electron capture has been extended to the case of
single-electron capture at intermediate and high energy collision. The results so obtained are
reasonably encouraging over the entire range of energy. This may be due to the fact that: (i) the
continuum state of the active electron with the stronger charge has been taken into account; (ii)
the scattering wavefunction satisfies the boundary condition; and (iii) the transition potential is
faster falling than the coulomb potential. Electron correlation effect has been underestimated in
our formalism. However, for single-electron capture process in an asymmetric collision (Zp> Zr)
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in a multi-electron environment, the accurate study of correlation effect is important to test the

validity of the BCCIS-4B approximation.

10" He*"+ He(1s?)

. 2
Total cross section (cm”)

100 200 400 1000 2000 5000
Energy (keV)

FIG. 1. Total cross sections (in sz) as a function of the incident energy E (keV) for reaction

He’* + He(1s®) — He" + He".

Theory: solid line, present results (post form of BCCIS-4B); short dash-dotted line, present
results (prior form of BCCIS-4B); dashed line, CDW-4B results of Mancev [11]; dotted line,
CB1-4B results of Mancev and Milojevic [14]; dash-dotted line, PCDW results of Dunseath and
Crothers [16]; dash-dot-dotted line, HCDW results of Dunseath and Crothers [16]; dense dotted
line, BDW results of Mancev [13].

Experiments: m, results of Shah and Gilbody [24]; e, results of Shah et al [25]; A, results of de
Castro et al [26]; ¥, results of DuBois [27
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FIG. 2. Total cross sections (in cm?) as a function of the incident energy E (keV/amu) for

reaction Li’* + He(1s%) — Li** + He".

Theory: solid line, present results (post form of BCCIS-4B); dashed line, present results (prior
form of BCCIS-4B); dotted line, CDW-4B results of Mancev [12]; dash-dotted line, CB1 results
of Belkic [17]; o, IEA results of Sidorovich et al [8].

Experiments: m, results of Shah and Gilbody [24]; e, results of Woitke et al [30]; A, results of
Nikolaev et al [28]; V¥, results of Pivovar et al [29].
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FIG. 3. Total cross sections (in cm?) as a function of the incident energy E (keV/amu) for

reaction Li** + He(1s%) — Li* + He".

Theory: solid line, present results (post form of BCCIS-4B); dotted line, present results (prior
form of BCCIS-4B); dashed line, CDW-4B results of Mancev [18].

Experiment: m, results of Woitke et al [30].
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FIG. 4. Total cross sections (in sz) as a function of the incident energy E (keV/amu) for

reaction Li* + He(1s%) — Li + He".

Theory: solid line, present results (Post form of BCCIS-4B); dotted line, present results (Prior
form of BCCIS-4B).

Experiment: m, results of Woitke et al [30].
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FIG. 5. Total cross sections (in cm?) as a function of the incident energy E (keV/amu) for

reaction C®* + He(1s%) — C°* + He".

Theory: solid line, present results (post form of BCCIS-4B); dashed line, present results (prior
form of BCCIS-4B); o, Atomic-orbital expansion results of Jain et al [9]; A, UDWA results of
Suzuki et al [20]; V, CTMC results of Olson [19].

Experiments: m, results of Dillingham et al [31]; @, results of Guffey et al [32].
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FIG. 6. Total cross sections (in sz) as a function of the incident energy E (keV/amu) for

reaction O%" + He(1s*) — O™ + He".

Theory: solid line, present results (post form of BCCIS-4B); dotted line, present results (prior
form of BCCIS-4B); dashed line, atomic-orbital results of Jain et al [9]; o, UDWA results of
Suzuki et al [20]; A, CTMC results of Olson [19].

Experiments: m, results of Dillingham et al [31]; e, results of Guffey et al [32]; ¥, results of
Macdonald and Martin [34]; A, results of Afrosimov et al [33]; *, results of Hippler et al [35].
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CHAPTER- 4

ELECTRON CAPTURE BY FAST PROTONS FROM HELIUM
LIKE IONS
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4.1. INTRODUCTION

Ion-atom/ion collisions and in particular electron transfer processes have been
investigated intensely over many years. This research is not only motivated by the quest for a
better understanding of the fundamental few-body dynamics, but also it has practical
implications to applied fields, such as plasma physics and fusion research. For a long time,
theoretical and experimental efforts have been concentrated on the energy dependence of total
cross sections (TCSs). Charge transfer cross sections in collisions of fully stripped projectiles
with hydrogen like ion have been studied in the framework of different three-body models viz
the continuum distorted wave (CDW) approximation [1], Basic Generator method (BGM) [2-4],
Lattice time-dependent Schrédinger equation (LTDSE) and the atomic orbital close coupling
(AOCC) method [5] and the boundary corrected continuum intermediate state (BCCIS)
approximation [6]. However, theoretical calculations based on four-body models are more
detailed and exhaustive in nature. Such investigations in collisions of fully stripped projectile
ions with helium-like ions include the Coulomb-Born (CB) and a modified Coulomb-Born
(MCB) approximation of Sinha et al [7], the CDW approximation with independent-event model
of Dunseath and Crothers [8], CDW-4B method of Belkic et al [9] and Mancev [10,11], second
order Born distorted wave (BDW) method [12,13], continuum distorted wave-Born initial state
(CDW-BIS) and Born final state (BFS) method of Mancev [14,15], continuum distorted-wave
eikonal-initial state (CDW-EIS) method of Pedlow et al [16], the boundary-corrected first Born
approximation (CB1-4B) of Mancev and Milojevic [17] and recently, the four-body formalism of
boundary corrected continuum intermediate state (BCCIS-4B) approximation by Samanta et al
[18]. In the present theoretical investigation, we have mainly focused our attention to determine
the single-electron capture cross sections from helium like ion by the impact of proton in the

incident energy range between 30 and 1000 keV.

Working within the framework of four-body distorted wave formalism, various
approximations can be obtained by choosing different distortion potentials and distorted-wave
functions in the entrance and exit channels. Sinha et al [7] calculated the electron-capture from
the helium like ions (Li*,Be** B**,C** and O°*) by the impact of protons using the four-body
formalism of Coulomb-Born (CB) approximation in prior and post form in the energy range 20-
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1000 keV. The calculations show that, there are substantial disagreement with the existing
experimental results for p-Li*(1s) collision. Total cross sections for single-electron transfer from
helium like atomic systems by bare projectiles have been studied by Mancev [10] in the
framework of CDW-4B approximation in the energy range of 50 keV to 10,000 keV. Total cross
sections are compared with the available experimental data. Computed results underestimate the
available experimental findings for p-Li* collision. The problem of single charge transfer in
collisions of H" ions with Li" target ions has been investigated by Mancev [14] in the framework
of CDW-BIS and CDW-BFS approximations in the energy range of 50-2000 keV/amu. It has
been found that the CDW-BIS approximation overestimates the available experimental results at
low energy region whereas the CDW-BEFS results underestimate the same. At higher impact
energies both approximations have yielded nearly identical cross sections. In this context, we are
motivated to study the single-charge transfer cross sections for p-Li" collision in the energy
range of 30-1000 keV. Based on the success of BCCIS approximation in ion-atom collisions in
the framework of 4-body [18-20] formalism and ion-ion collision in the framework of three-body
formalism [6], we have studied the above mentioned process in the framework of BCCIS-4B

theory.

The organization of this paper is as follows. Theoretical formulation has been described
in Sec. II. Results and discussion are presented in Sec. III. Finally, in Sec. IV conclusions are

given. Atomic units have been used throughout.

4.2. THEORY

Single-electron capture from helium like ions (Li*,Be** B**) by the impact of proton may

be written as  Z,+ (Z;,¢,,e,); = (Zp,e)); +(Zr,e5);, (1)

where Zp, Zt are the projectile (P) and target (T) charges, respectively. The total Hamiltonian for

the collision system may be written as

H=H;+ V,=H;+ V;, (2)
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where H; (Hy) represents the entrance (exit) channel Hamiltonian and V; (V¢) is the corresponding

perturbation potentials respectively. HereH; (Hy) and V; (V¢) may be written as

v=Torote e St S v 3)

and H =—V; — ) Ve

Vv, = gt P A 4
' R Xl SZ I'12 ()

§ = M,(2+M,) . _ M+ 1) (M +1) Lo My _ M,

CeM+M,)T T 24M+M,) T 14M,T T 14M,

Here e, T and P represent active electron, target ion and projectile ion respectively. Let R be the

position vector of the projectile ion (P) relative to the target (T) nucleus. In the entrance channel,

it is convenient to introduce ﬁT as the relative vector of the projectile with respect to the center

of mass of (Z;,e,,¢e,),. Symmetrically, ﬁp be the position vector of the center of mass of
(Zy,e,)y relative to(Z;,e,); in the exit channel. 5’1,2 and X, , have been labeled as the position
vectors of the electrons e, relative to Z, and Z, respectively. Hence 1, may be given by

I, =|§1—§2|=§1,2 =|i1—iz|=i1,2. The unperturbed channel state Yy, may be defined by

ik, .Rp

(H,—E,) vy, =0with y, =¢.(X,,X,)e . Here ¢.(X,,X,) represents the two electron bound
state wavefunction of the helium like atomic system (Z.e,.e,),. Here k, is the initial wave

vector and E; is the binding energy of the two electron target. Due to the presence of the

asymptotic Coulomb repulsion, between the incoming projectile ion and the screened target
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nucleus, the wavefunction in the initial channel v, is distorted and the distorted wave function is

given by
v, =0 X.%,)x R,) (5)

where x; (ﬁT) is the Coulomb continuum function which satisfies the equation

g ) K
2u; Ry 2,

1

jx?(ﬁT)=0. (©6)
The solution of the eigen value problem for y; (ﬁT) is given by

Ry =e 2 T +ia,)e™ ® F {ciesLikR, -k R, )L

_Zp(Z:=2)
V. .

1

where a,

It is well known [6,18-20] that the prior form of the BCCIS method is suitable for asymmetric
collision (Zr>Zp). However, for symmetric collisions, either form of the transition matrix
element may be used. Here we have calculated the transition amplitude in prior form. The prior

form of the transition amplitude in the BCCIS-4B approximation can be written as
Ty =<y 1V, hy, >=<y PV, Ty, >, ®)

BCCIS

We write the final state wavefunction in BCCIS-4B approximation as

o) . . ik .R . . - =
Y =e? F(1+ia)T(1-ia,)e™ ™ E{-ia;1;—i (fo1+ vV, X, )Ix

11:1{ iaZ;l;_ib(kfRT-l_lzf ‘ﬁT)}¢f(§2’§l)’
)]
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Z.—1 Z,(Z.—1
where alz—( I ), %:—P( T ).
Vi Vi

Here (pf(fczjl) is the final bound state wavefunction which is the product of hydrogen like

wavefunctions and k, is the final wave vector.

The transition amplitude in the prior form for the single-electron capture in the BCCIS-

4B method can be written as

T =N[[[d% dx,dRe™ ™ *r o (5, %,) F i s i (v, x, +9, % )

lFl{_ia2;1;ib(kfRT+f(f -ﬁT))(ZRi_%_%J 1F1{_ia3;1;i(kiRT_Ei 'RT)}¢i(xl’5é2)
1 2

(10)

E(0‘1—0‘2—0‘3)
where N =e? I'l-ia)I'(1+ia,)[(1+ia,).

In the case of a heavy particle collision, it has been shown [21] that

—

El-ioslilk R~k R, )}= E{-ioy;lilk R-K,.R)}

1

and Fi-ia, bk R, +k, R, )}= E{-ia,:L;ibkR+K, R}

=

Using the integral representation of confluent hypergeometric function, the transition amplitude

of equation (10) may be written as

C'N
) = 2im D(8,,8,,7,.€,, A A, )ddt, t4 7 (t Tedt, T (t,—1)"*
(2751) €1, }»2—>0 ( 1 2 yz 1 1 )§ 1 ) § 2 ) (11)

Pt (=™ T

where J and D(3,,9,,v,,€,,A,,A,) may be written as

86



Lo L Lo “Bixp aBaxa LMsp ,—Ays; &R
= 1= 13 .iK;.Ro—ik; .Rp+iV;.%,t, +ibk; .Rt,—ik; .Rt; © € € € €
J :jjjdXIdXZdRel i-Rr—1ke pHIVe. Xt +1 ¢ - Rty —1k; .Rtj (12)
X, X, S s, R

9 9 9
95,00,01,0h, 00,00,0X,0¢, 00,05,0%,0¢,

and D(SI,SQ,’Y278159\'15>\'2) =

Here the constant C’ originates from the initial and final bound state wavefunctions of helium

like ion. The form of B,,B,,€ may be written respectively as,

B, =0,—iv;t,,p, =8,+y, and e=g,—ibk;t,—ik;t;.

1

D@,,5,,7,,€,,A,A,)is the appropriate parametric differential operator used to generate the
wavefunctions of the excited state. ,,0,,y,andA, are the orbital components of the initial and

final bound-state wavefunctions. Taking the Fourier transform of terms involving xi, Xz, s, S2

and R and using the properties of delta function, J] may be reduced to the following form

) dQ,dQ, .
J-j Q1+)\2 (Q2+X2){JQ q1 +B1}“Q2 qQ‘ +B }“Qf"Qz q‘ +8} o

where q, = L+ (-b)k,—-V.t, q, = i+ (1-a)k,,
q, 24 M, ( )ke=vit,, q, 24 M, ( )k,
q:k —bk +bkft2 kt
1 0 dx
Using the Feynmann parametric integral such as —— I — and applying the
ab” ax+(1-x)b]

Lewis integral [22], we can express the final form as

£,A,—0

1 I
Ti(f) 327'[, NC /im D(61,62,’Y2,81,>L1,>L ) ;i)§dtltilal_l(tl_1)_ialJ%JdY‘K’ (14)
0 0
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where A? =q§x(l—x)+[3§x+k§(l—x) and

1
(2mi)*

1
"A+Bt,+Ct,+Dt,t,

P, @, =D g (- D' (15)

Applying Cauchy’s residue theorem, the complex contour integration of equation (15) may be

calculated to obtain a general term in the form

LA™ A Y™
K:_X(A+Bj (A+Cj ,F (~io,;—ia,;1;7) (16)

BC-AD

where z7=— ——.
(A+B)(A+O)

Mk k_f
k

o 1| do 17)

Finally, the total cross section read ¢ =

where dQ is the solid angle around k .

The three-dimensional integral comprises Lewis, Feynman and one complex contour integration.
Both the Lewis and the Feynman integrals have been evaluated numerically by the use of 64-
point Gauss Legendre quadrature method. The complex contour integration is transformed into a
real one dimensional integral [23] from O to 1 which has been sub-divided into several parts and
each sub-division is integrated using 46-point Gauss-Laguerre quadrature method. Finally,
integration over scattering angles has been performed with 54-point Gauss-Legendre quadrature

method. Convergence has been tested with the accuracy of 0.1%.
4.3. RESULTS AND DISCUSSION

The variation of single-electron capture cross sections of ground state helium like ion by
the impact of proton as a function of the incident projectile energy ranging from 30 to 1000 keV

is shown in Figs.1-4, respectively.
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In Fig.1, we have presented the calculated single-electron capture cross sections for p-Li*
collision in the energy range 30-1000 keV. Our data has been compared with the measurements
of Sewell et al [25] and the theoretical results of Mancev [10,14], Sinha et al [7], and Ermolaev
et al [24]. The present results have excellent agreement with the experimental results of Sewell et
al [25] in the whole energy range. The CDW-4B results of Mancev [10] are in fair agreement
with the present results at high energies but agreement is not satisfactory in the low energy
range. This is because CDW approximate may not be accurate at low energies. The results
obtained in the CB method calculated by Sinha et al [7] underestimate the present findings above
40 keV. The calculated results obtained from the modified Coulomb Born (MCB) method [7]
underestimate the present results in the whole energy range. The CDW-BFS results of Mancev
[14] overestimate the experimental results [25] as well as present theoretical results below 150
keV, but the results of Mancev [14] in the form of the CDW-BIS method have discrepancies
with the present results in the energy below 500 keV. However, the couple-state results of
Ermolaev et al [24] have large variation with the present results in the whole energy range. Due
to non-availability of any experimental data, the present calculated cross sections for p—Be2+
collision is compared with other available theoretical results [7] in Fig.2. From this graph, it is
evident that the present computed results agree favourably with the CB results of Sinha et al [7]
above 200 keV energy. This is expected because the CB approximation is valid only in the high
energy range. However, large variation of cross sections has been found between the present
results and MCB results below 400 keV region. The cross sections for single-electron capture by
fast protons from the target ions B** and C** are shown in Fig. 3 and Fig. 4 respectively. Both the
figures have almost similar trend of energy variation of cross sections with the present BCCIS-
4B results. From Figures 1-4, we observe that the peak position of cross sections shifts towards
the higher projectile energies due to the higher charge state of the target ion. Same feature have
been shown in our previous work of three body ion-ion collision [6]. The curves corresponding
to the higher charged target ions tend to bend towards the lower energy side and this bending is
more prominent for higher charge state of the target ions which was also observed in the work of
Mukherjee and Sil [1]. We have found that ground-state capture is dominant for all such type of
non-resonant reactions. This may be explained in terms of the near-resonance of energy and

velocity matching of the active electron in the initial and final states.
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4.4. CONCLUSIONS

In the framework of four-body boundary corrected continuum intermediate state (BCCIS-
4B) approximation, the single-electron capture cross sections in collision of proton with helium
like ion (Li") are well reproduced with the experimental findings in the collision energy range of
30-1000 keV. The energy dependence of the cross sections on the charge state of the target ion in
four-body collision have the same trend of variation like those of ion-ion collision in three-body
formalism. The reasons for such success are the following: (i) the continuum state of active
electron has been taken into account properly; (ii) the boundary condition for the scattering
wavefunction has also been satisfied; and (iii) the potential is faster falling than the Coulomb
potential. It may be pointed out that in such a formulation, the dynamic correlation of the active
electrons is absent. However more accurate experimental investigations are necessary for ion-ion
interactions over a wide range of energies both for the development of refined theory and their

applications in other branches of physics.
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Figure 1. Cross sections (in sz) as a function of the incident energy E (keV) for reaction H" +

Lit —H + Li*".

Theory: solid line with open circle, present results (prior form of BCCIS-4B); dashed line,
CDW-4B results of Mancev [10]; dotted line, CB results (prior form) of Sinha et al [7]; dash-
dotted line, MCB results of Sinha et al [7]; dash-dot-dotted line, couple-state results Ermolaev et
al [24]; A, CDW-BEFS results of Mancev [14]; * , CDW-BIS results of Mancev [14].

Experiment: m, results of Sewell et al [25].
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Figure 2. Cross sections (in sz) as a function of the incident energy E (keV) for reaction H +

Be’* > H + Be’".

Theory: solid line with open circle, present results (prior form of BCCIS-4B); dashed line, CB
results of Sinha et al [7]; dotted line, MCB results of Sinha et al [7].
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Figure 3. Cross sections (in sz) as a function of the incident energy E (keV) for reaction H" +

B** —>H + B*.

Theory: solid line with open circle, present results (prior form of BCCIS-4B); dashed line, CB
results of Sinha et al [7]; dotted line, MCB results of Sinha et al [7].
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Figure 4. Cross sections (in sz) as a function of the incident energy E (keV) for reaction H" +

C* >H+C™

Theory: solid line with open circle, present results (prior form of BCCIS-4B); dashed line, CB
results of Sinha et al [7]; dotted line, MCB results of Sinha et al [7].

94



REFERENCES
1. S. Mukherjee and N. C. Sil, J. Phys. B: At. Mol. Phys. 13, 3421 (1980).

2. T. Kirchner, M. Keim, A. Achenbach, H. J. Ludde, O. J. Kroneisen, and R. M. Dreizler, Phys.
Scr. T80, 270 (1999).

3. D. Skiera, R. Trassel, K. Huber, H. Brauning, E. Salzborn, M. keim, A. Achenbach, T.
Kirchner, H. J. Ludde, and R. M. Dreizler, Phys. Scr. T92, 423 (2001).

4. H. Brauning, R. Trassel, A. Theif3, A Diehl, E. Salzborn, M. Keim, A.Achenbach, H.J.Ludde,
and T.Kirchner, J. Phys. B: At. Mol. Opt. Phys. 38, 2311 (2005).

5. T. Minami, M. S. Pindzola, T. G. Lee, and D. R. Schultz, J. Phys. B: At. Mol. Phys. 40, 3629
(2007).

6. R. Samanta, M. Purkait, and C. R. Mandal, Phys. Scr. 82, 065303 (2010).

7. C. Sinha, S. Guha, P. K. Roy, and N. C. Sil, Phys. Rev. A 26, 2586 (1982).

8. K. M. Dunseath and D. S. F. Crothers, J. Phys. B 24, 5003 (1991).

9. Dz. Belkic, R. Gayet, J. Hanssel, I. Mancev, and A. Nunez, Phys. Rev. A 56, 3675 (1997).

10. I. Mancev, Phys. Rev. A 60, 351 (1999).

11. I. Mancev, Phys. Rev. A 64, 012708 (2001).

12. I. Mancev, J. Phys. B 36, 93 (2003).

13. I. Mancev, V. Mergel, and L. Schmidt, J. Phys. B: At. Mol. Opt. Phys. 36, 2733 (2003).

14. I. Mancev, Eur. Phys. Lett, 69(2), 200 (2005).

15. I. Mancev, J. Comp. Meth. Sci. Eng. (JCMSE) 89, 73 (2005).

95



16. R. T. Pedlow, S. F. C. O’Rourke, and D. S. F. Crothers, Phys. Rev. A 72, 062719 (2005).

17. I. Mancev and N. Milojevic, Phys. Rev. A 81, 022710 (2010).

18. R. Samanta, M. Purkait, and C. R. Mandal, Phys. Rev. A 83, 032706 (2011).

19. S. Ghosh, A. Dhara, C. R. Mandal, and M. Purkait, Phys. Rev. A 78, 042708 (2008).

20. M.Purkait, S. Sounda, A. Dhara, and C. R. Mandal, Phys. Rev. A 74, 042723 (2006).

21. S. Datta, D. S. F. Crothers, and R. McCarroll, J. Phys. B 23, 479 (1990).

22. R. R. Lewis, Phys. Rev. 102, 537 (1956).

23. S. C. Mukherjee, K. Roy, and N. C. Sil, Phys. Rev. A 12, 1719 (1975).

24. A. M. Ermolaev, C. J. Noble, and B. H. Bransden, Private Communication.

25. E. C. Sewell, G. C. Angel, K. F. Dunn, and H. B. Gilbody, J. Phys. B 13, 2269 (1980).

96



CHAPTER-5

SINGLE-ELECTRON CAPTURE FROM HELIUM BY FAST
PROTONS
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5.1. INTRODUCTION

The theoretical investigation of electron capture in collision between bare ions and two electron
or multi-electron targets is a difficult task and in practice, application of many-body collision
theory involves laborious calculations. Most of the calculations are simplified by a model where
one captured electron is active and other non-captured electron(s) are being passive. This
approximation is called frozen core approximation. The net result of such an approximation is a
reduction of the many-body problem to a three-body problem. Such approximations have been
developed. During the last few years, much attention has been given in developing the simple
four-body collision problem of the basic single charge exchange between protons and helium
atoms. The theoretical descriptions of these processes are very complicated in such reaction. The
influence of electron-electron interaction is important to study the dynamics in the collision
phenomena. Two types of correlations occur in such phenomena. One is static correlation and
other is dynamic correlation. The static correlation arises from the Coulomb interaction between
the two electrons in the heliumlike atomic system before the collision takes place. But the
dynamic collision occurs during the collision. Such correlations are one of the causes of
transition from the initial state to the final state. For a long time, theoretical [1-24] and
experimental [25-40] efforts concentrated on the energy dependence of total cross sections
(TCSs) as well as fully differential cross sections (DCSs). Different theories such as the Classical
Trajectory Monte-Carlo (CTMC) method [9], the couple-state [12], the four-body formalism of
continuum distorted wave (CDW-4B) [13,14], the Born distorted wave (BDW-4B) [15,16], the
continuum distorted wave- eikonal initial state (CDW-EIS) [18], the continuum distorted wave
Born final state (CDW-BFS) and the continuum distorted wave Born initial state (CDW-BIS)
[19,20], the basic generator method (BGM) [21,22], the boundary-corrected first Born
approximation (CB1-4B) [23] has been developed to study the single-electron capture by a fast
bare ion in helium. In this paper, we have studied the single-electron capture from helium by fast
protons in the energy range 20-11000 keV. We also report the state-selective differential cross

sections for such collision at different projectile energies.

Cross sections for single-electron capture in collision of H' and He™ projectile ions with
helium atoms are calculated by Dunseath and Crothers in the framework of CDW approximation
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at incident energies from 100 to 1600 keV/amu [11]. In this calculation, the effects of electron
correlation in the helium atom have been explicitly accounted by the use of correlated Pluvinage
wavefunction. The calculation shows that above 100 keV/amu, the computed results are not in
satisfactory agreement. Belkic et al [13] and Mancev [14] have calculated the cross sections for
single-electron capture from helium like atom by the impact of projectile bare ions in the energy
range of 20 keV to 20 MeV and 50 keV to 10 MeV respectively within the framework of CDW-
4B method. In this calculation, the dynamic correlation has been taken into account through the
perturbation potential. The computed results are in good agreement with all the available
experimental results from energy range 70 keV to 11 Mev. Later, Mancev himself and separately
with his collaborators [15,16] have employed successfully the BDW-4B approximation to study
different properties of single-electron capture in H'-He and He?*-He collisions in the high energy
region. They have also calculated the differential cross sections at different impact energies but
there are substantial differences with the experimental results [16]. Generalization of the
continuum distorted wave eikonal initial state (CDW-EIS) method has been developed by
Abufager et al [18] to study the single-electron capture from the K-shell of He, Ne and Ar noble
gases by the impact of bare ions. The computed results have reasonable agreement with the
experimental results only for Ne target by the impact of H*, He** and Li’** projectile ions but not
satisfactory for He and Ar targets. Mancev [19,20] has applied the four-body formalism of
CDW-BIS and CDW-BFS approximations to study the different properties of single-capture
from helium-like atomic systems by bare projectiles in the wide range of energies, though all the
calculations are confined to ground state capture only. However, the obtained total cross sections
are larger than the measured values. The electron dynamics in H*-He and He**-He collisions
have been investigated using the two-centre basis generator method (BGM) [21,22]. The
calculations are based on the independent-electron-model and the eikonal approximation. In this
paper angular-differential cross sections for single and double transfer into ground state and
singly excited state have also been shown. The computed differential cross section results are not
in satisfactory agreement at large scattering angles for all projectile energies. Recently, Mancev
and Milojevic [23] have investigated the single-electron capture cross sections from He atom by
fast protons and o -particles by means of the CB1-4B method both in post and prior form. The

results so obtained have reasonable agreement with the experimental findings except in the low
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energy range. Viewing on the success of four-body formalism of boundary corrected continuum
intermediate state (BCCIS-4B) approximation [24], we are motivated to study the above

mentioned process in the framework of BCCIS-4B theory at impact energies 20-11000 keV.

The organization of the paper is as follows. Section 2 contains the theoretical formulation
of the problem. Results and discussion are presented in section 3. Finally in section 4

conclusions are given. Atomic units have been used throughout the work.
5.2. THEORY

The single-electron capture from helium atom by proton impact may be represented by

Lo+ (Zy,ep.e,) = (Zp,e)) +(Zy.ey)y (1)

where Zp and Zry are, respectively, the nuclear charges of the projectile and the target. e;and e;
are the two electrons initially bound to the target nucleus and finally one electron is captured to

the projectile. s,,andX,, have been leveled as the position vectors of the electrons e, , relative

to Z, and Z,, respectively. The inter-electronic coordinate is denoted by, =§,—5, =X, —X,.

R denotes the position vector of the projectile (P) relative to target (T) nucleus. The transition
amplitude in the prior and post forms for single-electron capture in the BCCIS-4B method may

be written as

Ty =N [[[d%,dX,dR e ™ R+ Rr of (% 5)) Bl 15 (v x, +9, % )

. . - = 7,7 Z, Z - -
IFI{_IU“Z;l;lb(kfRT-i_kf’RT)}(#__P__P]¢i(X1’X2)’ 2)
R s 8,
2a-a,) ) ) Z.—1 Z,(Z.—1
whereN =e2“ “'T(1ia)T(1+ia,), o =22"1 o =Ze&=D
Ve Ve

and
TV = ijjdildizdﬁ ek Reiki Ry @, (%,,5, ), Edia,;;1:i (v;s,+, .5, )}x

100



Elianilkr-k RNz, [ L -Llez, | Lo L] 1oLl
R x, R s, n, R 3)

E(0‘1_“‘2_0‘3) . . .
where N =e’ IF(1-io)T(A+ie)T(+iay), @, ==> , a,=—"""""— and

— (ZP — 1)(ZT — 1)
Vi '
0. (il ,X, )is the product of one-parameter orbitals for the initial bound state of helium atom with
effective charge Z.=1.6875 and ¢; (§1,§2)is the final bound state wavefunction which is the

product of hydrogen like wavefunctions.

Using integral representation of the hypergeometric function

. 1 —i0 io— z . . .
F(ial;z)= —.§dt (t=1)"*t'*" e, the technique of Fourier transform, Feynman parametric
mi

integral, and the integral representation of three denominator integral of Lewis [41] respectively,

the equation (2) or (3) may be reduced as

T =327’ CN /im D(SI,XI,XZ,SI,%)I jdyK @)
€,A,—0
and T =321 3—§dt3t_“" (t,—1)'" Lim D(SI,YZ,XI,XZ,S)I jdyK (5)
where K:Ligdt R (S )‘“"§dt 7 (= 1), 1 (6)
Qm)*d ? A+Bt,+Ct,t,+Dt,
f( 2
A* :{(l—a)ﬁf—z—i} (1—x) +B3x for post form
+
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- 2
and A® ={2 kliv[ } (1-x)+p3x for prior form.
+ T

Here the constant C originates from the initial and final bound state wavefunctions.

D(@,,v,,A,\,,€,)1is the appropriate parametric differential operator used to generate the excited

state wavefunctions. 6,, vy, and A, are the orbital component of the initial and final bound state

wavefunctions. Now the complex integrations of equation (6) may be evaluated by applying

Cauchy’s residue theorem to obtain a general term in the form as
o —io, —1 —ia io . . P
K=-A""" (A+B) '(A+D) zzF{w‘l;_laz;l;aj’ 7

where P=BD-AC, Q=(A+B)(A+D).

We see that the equation (4) contains two dimensional integrals such as Lewis and Feynman, but
the equation (5) contains three dimensional integrals such as Lewis, Feynman and a complex
contour integration of variable t;. The Lewis integral with infinite upper limit and Feynman
integral from O to 1 have been calculated numerically by the 40-point and 46-point Gauss-
Legendre quadrature method, respectively with suitable transformations. The complex contour
integration of variable t3 is converted into a real integral [42] from O to 1 which has been divided
into a number of sub intervals and each of the sub intervals has been integrated numerically by
the 42-point Gauss-Laguerre quadrature method. Finally single charge transfer cross section is
obtained by numerical integration over scattering angles. However, it may be mentioned that

cross sections have finally been evaluated with an accuracy of 0.1%.
5.3. RESULTS AND DISCUSSION

We have calculated the single-electron capture cross sections for collisions of protons
with He atoms using both prior and post forms of BCCIS-4B approximation in the energy range
20-11000 keV. Total charge transfer cross sections have been obtained by summing over all

contributions from individual shells and sub-shell upto n=2. Variation of total capture cross
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sections (TCSs) with incident energy of the projectile ion are reported in graphical form in figure
1(a) and figure 1(b) and are also displayed in table 1. Theoretical results for differential cross
sections (DCSs) are shown in figures 2(a) — 2(d), respectively at impact energies 30, 50, 100 and
293 keV. Lastly, DCSs into n=2 shell are also plotted in figure 2(e) at impact energies 60, 100
and 300 keV, respectively. The results for DCSs are given in table 2 and table 3.

In figure 1(a), we have also presented the calculated total single-electron capture cross
sections both in prior and post form of BCCIS-4B method as a function of incident projectile
energy from 20 to 11000 keV and compared only with the CDW-4B results of Belkic et al [13]
where the dynamic correlation have been taken through the perturbation potential. The obtained
total cross sections are found to be in excellent agreement with the results of Belkic et al [13]
above 60 keV energy. The total cross section as a function of incident projectile energy for
single-capture from helium by proton impact is displayed in figure 1(b) in the same energy
range. The present computed results are compared with the experimental measurements of Shah
and Gilbody [31], Shah et al [32], Welsh et al [27], Rudd et al [30], Allison [25], Horsdal-
Pedersen et al [39], Schwab et al [40] and the theoretical results of Mancev and Milojevic [23],
Mancev et al [16], Zapukhlyak et al [21], Schultz and Olson [9] and Winter [12]. The present
numerical results obtained from post form are in excellent agreement with the experimental
results in the whole energy region. We also find from table 1 that the post-prior discrepancy in
the BCCIS-4B method is well within 20% in the entire energy range except from 400-1000 keV.
Here we may also notice that the computed results agree favorably with the theoretical results of
Zapukhlyak et al [21] using BGM calculation except at energy 30 keV. The theoretical results of
Mancev and Milojevic [23] using the CB1-4B approximation overestimates the observed cross
sections in the whole energy range. The results obtained from BDW-4B model of Mancev et al
[16] have reasonable agreement with the present results above 80 keV. The CTMC results of
Schultz and Olson [9] are not in fair agreement with the present results because classical
treatment of a two-electron atom may not be very accurate. We have observed that the ground
state capture cross sections dominate over other states. This is expected because of near energy
resonance and velocity matching of the active electron in the initial and final state. However, it
is evident from figure 1(a) and figure 1(b) that the present numerical results obtained from post

form have superiority over the results from prior form in the whole energy range. This might
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mean that the dynamic electron correlations which are connected in post form in our calculation
play a very important role, especially at intermediate to high energies. Similar conclusion has
been previously drawn by Belkic et al in Ref. [13]. The differential single-electron capture cross
sections in post results of BCCIS-4B method are shown in figure 2(a) at incident energy 30 keV
and compared with other theoretical results [29] obtained by the two-state two-centre atomic
expansion method in the eikonal approximation and experimental results of Martin et al [29].
The present computed results show overall good agreement in shape and in absolute height with
the experimental data in the wide range of scattering angles. However, it may be seen that the
theoretical results obtained by the eikonal approximation [29] underestimate the present results
from the scattering angles O to 1 mrad. Mancev et al [16] using BDW-4B method and
Zapukhlyak et al [21] using BGM has also calculated the DCS at 50 keV energy and their results
have been compared with our results which are shown in figure 2(b). It may be seen from figure
2(b) that the present results have good agreement with the measurements of Martin et al [29] and
Schulz et al [36]. However, results from the BDW-4B method of Mancev et al [16] overestimate
the present theoretical data at larger scattering angles (above 0.75 mrad) and the results from the
BGM of Zapukhlyak et al [21] underestimate the present results at smaller scattering angles
(below 1.25 mrad). The present computed results for the DCS at 100 keV are shown in figure
2(c). The two experimental findings [29,38] are depicted in the same figure. The cross sections
of the BCCIS-4B approximation are seen to be in very good agreement with the experimental
findings from the scattering angle of approximately 0.3 mrad to the 1.5 mrad. At smaller
scattering angle (below 0.3 mrad) we find the present numerical results are not in satisfactory
agreement with two sets of experimental findings [29,38] and other theoretical results [16,21,29].
In figure 2(d), we display the present results along with other available experimental [16,28] and
theoretical data [16] for DCS at 293 keV. The present results are seen to be in fair agreement
with all the measurements for the scattering angle less than 1.5 mrad. It is evident from this
figure, a discrepancy occur between the cross section computed by means of the BCCIS-4B
method and BDW-4B except in the large scattering angles. The results of DCSs for different
projectile energies are given in table 2. DCSs for single capture into first excited state (n=2) in
the p-He collision system is shown in figure 2(e) and numerical results are reported in table 3 at

projectile energies 60, 100 and 300 keV respectively. We compare our results with the
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theoretical results of BGM [22] and the experimental measurement [35]. The agreement is also
satisfactory. However, single capture processes in the p-He system are described fairly well by

our theory. This provides further evidence of the role of electron-correlation effects.

5.4. CONCLUSIONS

We have calculated the total single-electron capture cross sections as well as angular
differential cross sections for one electron processes in p-He collisions within the framework of
BCCIS-4B approximation both in prior and post form at intermediate to high energies. The
obtained cross sections are found to be in very good agreement with the available experimental
data. The essence of the method lies in the fact that the total scattering wavefunction satisfies the
proper boundary conditions; the continuum state of active electron with the stronger charge are
taken into account, and the transition potential is faster falling than the Coulomb potential. The

dynamic electron correlation with certain approximation has been included in our calculation.
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Table 1. Total cross sections (in 10 16 cmz) as a function of incident energy E (keV) for

single-charge transfer in H" + He (1s%). The displayed results are obtained by means of the

BCCIS-4B approximation. The integer in parenthesis indicates the power of ten by which

the number has to be multiplied.

Energy Q;, Q: Energy Qi Qir
(keV) (keV)
20 2.50(+0) 2.10(+0) 500 6.60(-4) 8.50(-4)
30 2.01(+0) 1.90(+0) 600 2.71(-4) 3.80(-4)
40 1.51(+0) 1.47(+0) 700 1.29(-4) 1.90(-4)
50 1.20(+0) 1.12(+0) 800 6.71(-5) 9.81(-5)
60 9.10(-1) 8.97(-1) 900 3.63(-5) 5.30(-5)
70 6.90(-1) 6.78(-1) 1000 2.20(-5) 3.31(-5)
80 5.40(-1) 5.32(-1) 2000 6.19(-7) 7.00(-7)
90 4.11(-1) 3.93(-1) 3000 8.40(-8) 9.00(-8)
100 3.13(-1) 2.88(-1) 4000 1.81(-8) 2.10(-8)
150 8.76(-2) 8.68(-2) 5000 5.60(-9) 6.00(-9)
200 3.22(-2) 3.50(-2) 8000 3.40(-10) 4.00(-10)
300 6.24(-3) 7.82(-3) 10000 9.82(-11) 1.11(-10)
400 1.80(-3) 2.50(-3) 11000 5.00(-11) 6.00(-11)
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Table 2. Differential cross sections (DCSs) (cm2/sr) into ground state as a function of the
scattering angle 0 (mrad) at the incident energies E= 30, 50, 100 and 293 keV respectively
for the single-electron capture cross sections in H* + He (1s%) collisions. The numbers in the

brackets denote multiplicative powers of ten.

Scattering Incident energies E in keV (post)
angle 0 30 50 100 293
(mrad)

0.0000 491(-10) | 7.53(-10) | 4.82(-11) 7.60(-12)
0.0667 4.28(-10) | 5.65(-10) | 4.60(-11) 6.35(-12)
0.1333 3.40(-10) | 3.98(-10) | 3.92(-11) 4.08(-12)
0.2000 2.69(-10) | 2.51(-10) | 3.12(-11) 2.11(-12)
0.2667 2.13(-10) | 1.63(-10) | 2.30(-11) 9.62(-13)
0.3333 1.72(-10) | 1.04(-10) | 1.61(-11) 4.06(-13)
0.4000 1.41(-10) | 7.20(-11) | 1.08(-11) 1.71(-13)
0.4667 9.72(-11) | 4.72(-11) | 7.03(-12) 7.20(-14)
0.5333 6.67(-11) | 2.90(-11) | 4.44(-12) 3.48(-14)
0.6000 4.59(-11) | 1.67(-11) | 2.76(-12) 2.18(-14)
0.6670 2.96(-11) | 9.07(-12) | 1.79(-12) 1.63(-14)
0.7333 2.05(-11) | 5.64(-12) | 1.16(-12) 1.14(-14)
0.8000 1.47(-11) | 3.92(-12) | 9.17(-13) 9.30(-15)
0.8667 1.03(-11) | 2.91(-12) | 7.37(-13) 7.80(-15)
0.9333 7.48(-12) | 2.54(-12) | 6.36(-13) 6.30(-15)
1.0000 5.85(-12) | 2.21(-12) | 5.31(-13) 5.10(-15)
1.0667 4.74(-12) | 1.95(-12) | 4.05(-13) 4.40(-15)
1.1333 3.85(-12) | 1.71(-12) | 3.14(-13) 3.70(-15)
1.2000 3.39(-12) | 1.48(-12) | 2.49(-13) 3.00(-15)
1.2667 3.20(-12) | 1.27(-12) | 1.93(-13) 2.50(-15)
1.3333 2.779(-12) | 1.10(-12) | 1.64(-13) 2.00(-15)
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1.4000

2.59(-12) | 9.50(-13) | 1.38(-13) 1.70(-15)

1.4667

2.35(-12) | 8.60(-13) | 1.15(-13) 1.40(-15)

1.5333

2.08(-12) | 7.70(-13) | 9.60(-14) 1.10(-15)

1.6000

1.95(-12) | 6.90(-13) | 8.10(-14) 9.80(-16)

1.6667

1.87(-12) | 6.10(-13) | 7.00(-14) 8.00(-16)

1.7333

1.81(-12) | 5.30(-13) | 6.10(-14) 7.00(-16)

1.8000

1.75(-12) | 4.70(-13) | 5.20(-14) 6.00(-16)

1.8667

1.68(-12) | 4.20(-13) | 4.30(-14) 5.00(-16)

1.9333

1.47(-12) | 3.70(-13) | 3.60(-14) 4.30(-16)

2.0000

1.27(-12) | 3.20(-13) | 2.80(-14) 3.70(-16)

Table 3. Differential cross sections (DCSs) (cmzlsr) into excited states (n> 2) as a function

of the scattering angle 0 (mrad) at the incident energies E= 60, 100 and 300 keV

respectively for the single-electron capture cross sections in H* + He (1s?) collisions. The

numbers in the brackets denote multiplicative powers of ten.

Scattering angle 0 Incident energies E in keV (post)

(mrad) 60 100 300

0.0000 3.44(-11) 2.87(-13) 4.08(-18)
0.0667 3.21(-11) 2.57(-13) 2.91(-18)
0.1333 2.76(-11) 2.05(-13) 1.79(-18)
0.2000 2.18(-11) 1.44(-13) 8.98(-19)
0.2667 1.58(-11) 9.18(-14) 3.97(-19)
0.3333 1.08(-11) 5.40(-14) 6.27(-19)
0.4000 7.12(-12) 3.03(-14) 6.67(-20)
0.4667 4.49(-12) 1.68(-14) 2.77(-20)
0.5333 2.82(-12) 9.31(-15) 1.13(-20)
0.6000 1.75(-12) 5.28(-15) 5.45(-21)
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0.6670 1.10(-12) 3.02(-15) 2.66(-21)
0.7333 7.13(-13) 1.88(-15) 1.53(-21)
0.8000 4.83(-13) 1.25(-15) 9.93(-22)
0.8667 3.43(-13) 8.84(-16) 7.21(-22)
0.9333 2.57(-13) 6.66(-16) 5.68(-22)
1.0000 1.98(-13) 5.30(-16) 4.58(-22)
1.0667 1.68(-13) 4.45(-16) 3.73(-22)
1.1333 1.43(-13) 3.69(-16) 3.14(-22)
1.2000 1.25(-13) 3.20(-16) 2.62(-22)
1.2667 1.11(-13) 2.81(-16) 2.23(-22)
1.3333 1.00(-13) 2.49(-16) 1.86(-22)
1.4000 9.10(-14) 2.20(-16) 1.61(-22)
1.4667 8.20(-14) 1.94(-16) 1.36(-22)
1.5333 7.40(-14) 1.72(-16) 1.15(-22)
1.6000 6.70(-14) 1.53(-16) 1.01(-22)
1.6667 6.20(-14) 1.36(-16) 8.70(-23)
1.7333 5.70(-14) 1.22(-16) 7.30(-23)
1.8000 5.20(-14) 1.08(-16) 6.50(-23)
1.8667 470(-14) 9.60(-17) 5.80(-23)
1.9333 4.20(-14) 8.40(-17) 5.10(-23)
2.0000 3.80(-14) 7.20(-17) 4.30(-23)
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10" F——— T+ — T — T

100 1000 10000

Energy (keV)

Cross section (10 '°c

Figure 1(a). Total cross sections (in sz) as a function of the incident energy E (keV) for

reaction H" + He - H + He".

Theory: solid line, present results (post form of BCCIS-4B); dotted line, present results (prior
form of BCCIS-4B); circle, CDW-4B results of Belkic et al [13] (taken from graph).
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Figure 1(b). Total cross sections (in sz) as a function of the incident energy E (keV) for

reaction H" + He — H + He".

Theory: solid line, present results (post form of BCCIS-4B);dashed line, present results (prior
form of BCCIS-4B); dotted line, CB1-4B results of Mancev [23]; o, couple state results of
Winter [12]; A, BDW results of Mancev et al [16]; V, CTMC results of Schultz and Olson [9];
diamond shape, BGM results of Zapukhlyak [21].
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Experiments: m, results of Shah and Gilbody [31]; solid diamond, results of Rudd et al [30]; e,
results of Shah et al [32]; A, results of Welsh et al [27]; V¥, results of Allison [25]; +, results of
Horsdal-Pedersen et al [39]; *, results of Schwab et al [40].

10

DCS (10 "°cm?sr)
;\

—_
o

10°

Angle (mrad)

Figure 2(a). Comparison of the differential single-electron-capture cross sections in H" + He

collisions for projectile energy 30 keV.

Theory: solid line, present results (post form of BCCIS-4B); dotted line, eikonal results of Martin
et al [29].

Experiment: m, results of Martin et al [29].
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Figure 2(b). Comparison of the differential single-electron-capture cross sections in H" + He

collisions for projectile energy 50 keV.

Theory: solid line, present results (post form of BCCIS-4B); dotted line, eikonal results of Martin
et al [29]; o, BDW-4B results of Mancev et al [16]; A, BGM results of Zapukhlyak [21].

Experiment: m, results of Martin et al [29]; e, results of Schulz et al [36].
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Figure 2(c). Comparison of the differential single-electron-capture cross sections in H" + He

collisions for projectile energy 100 keV.

Theory: solid line, present results (post form of BCCIS-4B); dotted line, eikonal results of Martin
et al [29]; o, BDW-4B results of Mancev et al [16]; A, BGM results of Zapukhlyak [21].

Experiments: m, results of Martin et al [29]; e, results of Schoffler et al [38].
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Figure 2(d). Comparison of the differential single-electron capture cross sections in H® + He

collisions for projectile energy 293 keV.

Theory: solid line, present results (post form of BCCIS-4B); o, BDW-4B results of Manceyv et al
[16].

Experiments: m, results of Mancev et al [16]; A, results of Bratton et al [28].
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Figure 2(e). Comparison of the differential single-electron-capture cross sections in H" + He

collisions for projectile energies 60, 100 and 300 keV.

Theory: solid line, present results (post form of BCCIS-4B); o, BGM results of Zapukhlyak et al
[22].

Experiment: A, results of Schoffler [35].
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CHAPTER-6

ELECTRON CAPTURE CROSS SECTION IN COLLISION OF

MULTI-CHARGED NEON IONS WITH GROUND STATE

HYDROGEN AND HELIUM

120



6.1. INTRODUCTION

Large amount of atomic data are required for modeling the structure and dynamics of
high temperature plasmas occurring both naturally in space and artificially in fusion devices
[1,2]. Among the atomic species, numerous investigations over few decades have been
performed regarding the rare gases [3]. Neon is frequently introduced in tokomaks as a
diagnostic element for probing fusion plasmas. Charge transfer reactions between partially or
fully stripped charged ions and neutral atoms are of interest to researchers trying to understand
line emissions produced in laboratory plasmas and more recently, in non-terrestrial sources such
as comets [4]. The resulting charge transfer process leads to line emission that can be used as a
diagnostic tool to measure various parameters of plasma such as temperature, velocity, electron
density and the charge states of the ions present. Moreover collision between multiple charged

ions and atomic targets has been studied [5-12].

Ryufuku and Watanabe [13] have studied the single charge transfer cross sections in
collisions of Ne!%, Si'** and Ca?®* with H atom in the framework of unitarized-distorted-wave
approximation (UDWA) method. They give a scaling rule from the observation of theoretical
results and also investigated the partial cross sections for electron transfer into the individual
orbital of the projectiles. A classical model [14] is proposed for the electron capture process in
collision of highly charged ions with atomic hydrogen at low and intermediate impact energies.
In this model they have investigated the role of classically allowed electron transitions in
determining the cross section for the electron capture process. It was shown that in the case of
highly charged fully stripped ions, these transitions become possible at large internuclear
separations and consequently their contribution to the cross section is significant. For ionic
charges Zp<10, the proposed model is valid in the intermediate region. Das et al [15] have
calculated the charge transfer cross sections in collisions of completely stripped ions of nuclear
charges Zp =3-8,10 in the energy range 200-700 keV/amu. They have applied a single channel
distorted wave approximation and found that for a fixed charge state, the maximum contribution
of cross sections will occur at smaller values of principal quantum number as the projectile
energy increases. A three-body CTMC method [16,17] has been used to examine details of the
charge transfer process between the highly charged bare projectile ions and neutral hydrogen.
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This calculations show clear deviation from the population of states with large angular
momentum quantum numbers to states characterized by low values as the collision energy is
lowered. These deviations begin at collision energies somewhere below 500 keV/amu depending
on the ion. Errea et al [18] have calculated the total and partial cross sections for capture and
ionization in collisions of highly charged ions on neutral hydrogen using molecular-close-
coupling and impact -parameter classical trajectory Monte Carlo method. These data are of
crucial importance to analyze physical state of the actual tokamak plasmas in which Ne- ionic
impurities are deliberately introduced to enhance energy and particle confinement. They found
the CTMC calculation does not provide accurate partial capture cross sections compare to the
molecular calculation at low energy and low values of principal quantum number (n). Later they
[19] extended their CTMC calculations to such reactions at low velocities and also highlighted
the limitations of the classical method. They have shown that classical and semi-classical
mechanisms are essentially the same, although at low velocities the method is unable to describe
the fall of the cross section. Recently Errea et al [20] have calculated the total and partial cross
sections for capture and ionization in collision of highly charged ions with hydrogen in the
energy range 30-300 keV/amu. They specially focus on capture into high-lying states of the
projectile, which are much more important in diagnostics of fusion plasmas. It is to be mentioned
that most of the cross sections data have been calculated in collision of fully stripped neon ions
with hydrogen. Charge transfer cross sections into each individual sub-shell are not available.
Under the context, we are motivated to study the single charge transfer reaction involving Ne%*
(q=1-6,10) with hydrogen atom in the intermediate to high energy using quantum mechanical
and classical method. We have also chosen to study the double charge transfer reaction in

collision of fully stripped neon ions with helium atom.

The organization of the paper is as follows. Theoretical formulation has been described in
Sec.2. Results and discussions are the contents of Sec.3. In Sec.4 we add some concluding

remarks. Atomic units are used throughout unless otherwise mentioned.
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6.2. THEORY
The reactions under the study may generally be represented by
Ne® (q=1-6,10) + H(1s) — Ne"V*+H*,  (single electron capture) (1)
and Ne'™ + He(1s*) — Ne** (n/,n"¢") + He**,  (double electron capture) )

6.2.1. Classical formulation: Let the cartesian co-ordinates of the active electron with respect to
the target ion (T) are q;, q2 and g3 respectively. Let the same quantities are qs4, s and g
respectively for the incoming projectile ion (P) with respect to the centre of mass of the target

system. So T;(i,j=e¢,T,P),the distance between any pair of two particles may easily be

expressed in terms of q; (i =1,6) provided mass (Mr) of the residual target ion, mass (Mp) of the
projectile ion and electron mass are known. Let p; (i=1,6) are the canonical momenta conjugate
to the rectangular co-ordinate q; (i=1,6). So the classical hamiltonian of the three system (for

equ”. 1) may be written as

3 A2 6 n2
P; P;j — — —
H= 212_u +j_z4_21</1 + V(B )+ Vo, (B,) + Vip (Frp) 3)
M, (M.+1
where 1 = My , M:M
M; +1 M,+M;+1

and Vj; (i,) = e, T, P) is the two body pair interaction between i-th and j-th particle. So the

Hamilton’s equations of motion may be written as

p: = 44, i=1,2,3 (4a)

p, =Mgq;, 1=4,5,6 (4b)

. 1 oV 1 v 1 oV u( n .
p, =————wluq;, —q,.5)—-—=—q, ————[—qi +qi+3} =123 (4¢)
Pe arPe rTe arT rTP arTP MT MT

[
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. 1 9oV 1 oV Y7, .
= (q - ) ———| @ +—q s | i=4,5,6 4d
p1 I'Pe aI'Pe (q1 1—3) rTP aI'TP (q1 MT q1—3j ( )

where V =V, (t;,)+ V. (5.) + Vip (Tp)

This set of twelve equations given by (4a) - (4d) describes the motion of the whole system in
center of mass frame of the active electron and residual target ion. The interaction of the active
electron with the target is uniquely determined by the Coulomb potential. But for the partially
stripped charged projectile ions of neon, the model potential [21] is taken in the form of

z, e "'

Vmod (f) = -
T

(Zl + er) , Z1=Zp-Zy.

Here 7z, zp and z; are respectively asymptotic charge, nuclear charge and screened charge of the
projectile. z, and z3 are two arbitrary parameters chosen variationally with respect to Slater basis
set in such a way that corresponding Hamiltonian of the active electron in the final state is
diagonalised to reproduce correct binding energies. These binding energies of the active electron
of different projectile ions are calculated from the tables of Clementi and Roetti [22] and works
of Clark and Abdallah [23]. In an attempt to make the parameters z3 and z, to be unique as far as
possible, we have tested the virial theorem with an accuracy of 0.001 % with respect to the
chosen Slater basis set. In doing so, we have found the values of z3 and z, which are given in
Table 1. It may be mentioned here that we have not included the polarization potential term
because we have found that, the effect of such part beyond cut off potential has very little effect
on the totality and enhances the consumption of computational time only. The method of

calculation has been described in detail elsewhere [21].
6.2.2. Quantum mechanical formulation:

6.2.2.1. Single charge transfer: The total Hamiltonian of the three body system for the reaction

(1) may be written as H = H,+ V. (£, )+ V,. (£, )+ Vi (R)
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where H,=- ! v —LVf — A4 —LVf
2u, N 22" 2p, R 2p ¢

M M _M(+M,) o M (1+M,)
1+M, " 1+M, " 1+M+M, T 1+M,+M,
. 1 . z - z, e ="
Vi) == Vi R)==22, Vo ()= =22 =S (2,4 7.m,).
T R Ip Ip

The post form of the transition amplitude in the framework of 3-body boundary corrected

continuum intermediate state approximation (BCCIS-3B) [24] may be written as

T =y, IV ly) = N.”ddeﬁPe_iEf'RP 11:1{_10‘3;1;i (kfRP+Ef 'RP)}(”:(Q_QJX
R, 1 )
e f Elia;lib(vi+9,.5)L Efio:lia kR, -k, R, Jo.()

(“1 —ay—03)

where N =¢? F(l—i(xl)F(1+i(x2)F(l+i a3), o, =0, =—, 0 =

Using the integral representation of confluent hypergeometric function, equation (5) may be

3 % 2 ) ' ' ‘
written as Ti§+’=(Z—TJ ZT(CN ( ? ‘ j§dt3t;i“3‘l(t3—1)‘“3§dt2t;‘“2‘1(t2—1)1“2><

n 2mi) axaﬁ_axag
fat, e (-1 1, ©)
R A N e —-aRp M1 —Prp
Where J= éi_)rgldedeRPel(t3kf—k,~—al2kl).RP-Hkl.RT+1bllv.rp € © € , (7)

R, Tp Iy

a=e—iakt,—ik;t;, A, =A-ibvt, B=z,.

Here the A is the exponential parameter in the final state wavefunction and the constant C

originate from the final bound state wavefunction.
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Using Fourier transforms techniques and following Lewis [25] the space integration J of the

equation (7) can be evaluated. Following Sinha and Sil [26], the integral J may be reduced as

167:2T dx

J: 2 2 ’
b” ¢ o, x +2B,x+7,

)

wherea,, B,, y,are linear functions of t; and t,. Thus we can write o,Xx +2pB,X+7, as

A+Bt;+Ct3+Dt;t3, where A, B, C, D are functions of t;, and x. Hence by applying Cauchy’s

residue theorem, equation (6) can be reduced into the following form

N .
) _ Zy NC \16x7* 5 az_l Ly
L _ZT(nj (zm] R axaﬁ axag 5 e - !kdx' )

Finally we have performed the t, and x integrations numerically [27].

6.2.2.2. Double charge transfer: The post form of thetransition amplitude in the framework of
4-body boundary corrected continuum intermediate state approximation (BCCIS-4B) for the

reaction (2) may be written as [28]

Ti(f+) — <X; | 2ZT ZT ZT |WBCCIS—4B(+)> (10)

i

BCCIS-4B(+) -

Wherex is the distorted wavefunction in the exit channel, and w, is the two-electron

coulomb wavefunction in the entrance channel. So the equ” (10) can be written as

TP =N, J.”dild@dﬁe_ii“ﬁ" @ (5,,5,),F (ia;;1;2,),F(ia,:1;2,),E(=ia,;1;2, )%

if
i 27+ Z; Z;) i - (i
1F1(_10‘4;1;Z4){TT__T__TJ6 $ g (X,,X,)
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%(0‘1“"12—

N, =e “TP(1—i0,)T(1—ia, ) T(1+ia) T(1+ia,), o, =a, = ,

_ZPZT a ZT(ZP_Z) b = M, b _2+MP.

o, = b s - -
by, v, 24 M, T T 1+M,

The integral representation of the hypergeometric function is given by
Flia;l;z)= L§dt (t=1)"* ti* e
171 [ . :
2mi

Using the integral representation of confluent hypergeometric function, the Fourier transform,
the Feynman parametric integral and following Lewis [25], Sinha and Sil [26], equation (11)

becomes

N ) .
T‘BCCIS—4B(+) 327: dt t1 o, -1 -1 i, det ay-1 m.z D/im d 12
' (2 i)’ § 2 (t,-1) § 2 (- 60 -[ j y K (12)

where D is the appropriate parametric differential operator used to generate the singly excited

state wavefunctions and K may be written as

10 AN A Y™ [ . BC- AD
Kz—( j [ j SFita,i—1o0l——v——.
A\A+B A+C (A+B)(A+C)

Equation (9) contains two-dimensional integral, Lewis, and a complex contour integration, but

the equation (12) contains four-dimensional integrals such as Lewis, Feynman and two complex
contour integrations. The complex contour integrations is converted to real integral [27] and is
integrated using Gauss-Laguerre quadrature method. Finally, integration over the scattering

angles has been performed with the Gauss-Legendre quadrature method.
6.3. RESULTS AND DISCUSSION

We have performed quantum mechanical ( post form of BCCIS approximation) and

classical calculations (CTMC) in collision of multiply charged Ne®" (q=1-6,10) ions with ground
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state atomic hydrogen in the impact energy range 50 < E < 1000 keV/amu (v =1.41 a.u to 6.33
a.u). Total charge transfer cross sections have been obtained by summing over all contributions
into each shell up to principal quantum number n=4 and the contribution to each individual sub-
shell is determined by multiplying the calculated cross sections by a Pauli blocking factor [29].
All our calculated results are given in graphical form (Figures 1-8). The variation of double
charge transfer cross sections in collision of fully stripped Ne'®* ions with helium atoms in the
energy range 80-2000 keV/amu (1.79 a.u to 8.95 a.u) are plotted in Figure 9 using the post form
of BCCIS-4B approximation [28,30]. The variation of double-to-single capture cross sections
with projectile energies is shown in Figure 10. State-selective results are also displayed in Table

2 for Ne'%* + He collision.
6.3.1. Single charge transfer and ionization

In Figure 1(a)-1(c), the calculated total capture cross sections along with the cross
sections for capture into a specific n-state and ¢ -state are plotted for projectile ion Ne*. We have
seen that the major contribution to the total capture cross section comes from capture into the
n=2 state and contribution from n>2 is negligible at energies greater than 300 keV/amu. We have
not considered the capture into 1s state of the projectile as it is a completely filled state. Due to
unavailability of any experimental results, we have only compared with the results obtained by
CTMC method. In Figure 1(a), the CTMC results agree with the present BCCIS results below
300 keV / amu. We have plotted the variation of cross sections with principal quantum number
(n) in Figure 1(b) and angular momentum quantum number (/) in Fig.1(c) for Ne" + H collision.
We found the contribution of charge transfer cross sections obtained by the BCCIS
approximation for n=4 comes from d- and f-states at E<400 keV/amu and maximum from p-state
at energy E>400 keV/amu. But in Figure 2(a), we have seen the contribution is maximum for
n=3 at E<400 keV/amu and for n=2 at E >400 keV/amu. In Figure 2(c), the contribution of
charge transfer cross sections for given principal quantum number n=4, is maximum at d-state.
Same feature is obtained from the CTMC calculations. Energy variation of total single electron
capture cross sections have been presented in figures 3(a), 4(a), 5(a) and 6(a) for collisions of
Ne® (g= 3 — 6) with H atoms respectively. We have compared our computed results with the
CTMC results of Maynard et al [31]. From these figures we may find that our computed results

128



are in reasonable agreement with the results of Maynard et al. For Ne®* and Ne** ions in Figure
3(b) and Figure 4(b), present BCCIS results shows that major contribution of total charge
transfer cross sections comes from n=3 and n=4 at low energy range. But CTMC results have
their peak values at n=3 state in the low energy range and at n=2 state in the high energy range
for both charge state q=3,4. For q=3-6 charge states (in Figure 3(c), Figure 4(c), Figure 5(c), and
Figure 6(c)), both the results (BCCIS and CTMC) have almost identical ¢ -distributions for n=4
state i.e their peak values occur at the d-shell. The total cross sections as a function of incident

projectile energy for collision of the Ne'®*

ion with the hydrogen atom are displayed in figure
7(a). The present results are compared with the theoretical works of Maynard et al [31], Perez et
al [17], Ryufuku and Watanabe [13], Das et al [15] and the experimental works of Meyer et al
[32]. Our calculated results are not in satisfactory agreement with the other theoretical findings.
From figures 3(b), 4(b), 5(b) and 6(b) respectively, it has been shown that the cross sections
increase with n for increasing charge state. However contribution from n>5 shell is quite

significant for Ne'®*

+ H collision which is shown in Figure 7(b). For this reason, discrepancy
appeared in Figure 7(a). We may also find that for higher excited shells (identified higher values
of n) higher ¢/ sub-shells (d and f sub-shells) contribute significantly and lower ¢ sub-shells (s
and p) have small contribution. The capture peak in the individual shell and sub-shells may be
explained in terms of the nearest matching of the binding energy and momentum distribution of
the active electron in the initial and final state. The variation of ionization cross sections with
energy is shown in Figure 8 for charge states q=1-6 using only the CTMC method. Due to non-
availability of any experimental result for such ions, we are unable to compare them in our
investigation. From Figure 8, we may find that the peak of the ionization cross sections shift

towards higher projectile energies as projectile charge increases because any electron removed

from the H atom is preferentially captured by the strong Coulomb field of the projectile.

6.3.2. Double charge transfer

%% in He(1s%) collision

BCCIS-4B results for double electron capture by fully stripped Ne
are displayed in Figure 9. The experimental results of Kase et al [33] for collision of Ne** ion
with He atom in the energy range 50-150 keV/amu have been compared with our present results
for the same process. In Table 2, state selective results are given for capture into ground state
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(1s)'S and into the first singly excited states. In all cases, calculations have been carried out
using Lowdin wavefunctions [34] for helium in the initial channel and configuration interaction
wavefunctions of Novikov and Senashenko [35] for the final state on the projectile. In figures,
we have plotted present theoretical results which are obtained by summing the contributions
from the ground state and from the Ist singly excited states. From this graph, it is evident that
present ground state results slightly overestimate the experimental results of Kase et al [33]. But
the results of excited states have reasonable discrepancies with the experiment. As we have
already mentioned in our previous work [28], that for the low-charge states, the capture is
favored only in the ground state and for highly charged ions, capture is usually favored to several
excited states of the final states of the product ions. Due to unavailability of any experimental
and other theoretical data, the double-to-single capture ratio with the projectile energy is plotted
in Figure 10. From the figure we may find that the ratio increases with projectile energy and

finally it gets almost saturated in the higher energy regime.
6.4. CONCLUSIONS

The main purpose of this paper is to present the theoretical data on absolute total capture
cross section and sub-shell distribution of single and double electron capture cross sections of
Ne®" recoil ions by H and He atoms in the intermediate to high energies in the framework of
BCCIS and CTMC methods. These data are of crucial importance to analyze the physical state of
actual tokamak plasmas in which Ne ionic impurities are introduced to enhance energy and
particle confinement. It is well known that the inclusion of intermediate continuum state is very
much important to take into account to describe a charge transfer event. However, in the case of
asymmetric collision where Zp>Zy, post form of BCCIS approximation is appropriate as
projectile continuum states are to be taken into account. We have adopted model potential
containing both a long-range part and a short-range part for the interaction of the active electron
with the projectile ion. For Zp>Zr, the major contribution of total chare transfer cross sections

comes from higher excited states.
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Table 1. Model potential parameters zy, z; Z; and z3.

Ions & Zy 71 Y 4) z3

Ne' -1.6042 1.0 9.0 2.6450 2.2280
Ne™ -2.3809 2.0 8.0 1.8750 2.3180
Ne™* -3.4025 3.0 7.0 1.8250 2.4180
Ne* -4.3240 4.0 6.0 1.7250 2.6180
Ne™* -5.8230 5.0 5.0 1.6150 2.5170
Ne®* -7.4986 6.0 4.0 2.0660 2.7170

Table 2. Theoretical cross sections (in units of 10™° cm?) as a function of energy for double electron

capture reaction Ne'® + He(1s?) - Ne*(nl,n’F’) + He".

States Energy (keV/amu)
80 100 200 400 500 1000 2000
(1s1s)'S | 4.01(-2) | 2.76(-2) | 8.43(3) | 2.08(-3) | 1.36(-3) | 2.81(-4) 3.97(-5)
(1s2s)'S | 3.05(-2) | 2.18(-2) | 1.25(-2) | 6.04(-3) | 2.96(-3) | 6.32(-4) 8.50(-6)
(1s2p)'P | 3.62(-2) | 3.15(-2) | 2.11(-2) | 1.08(-2) | 7.67(:3) | 8.44(-4) 6.50(-5)
(1s3s)'S | 2.14(-2) | 1.80(-2) | 9.06(:3) | 3.15(-3) | 1.25(-3) | 4.71(-4) 3.01(-5)
(1s3p)'P | 351(-2) | 3.10(-2) | 1.87(-2) | 5.50(-3) | 2.75(:3) | 6.27(-4) 5.39(-5)
(1s3d)'D | 4.27(-3) | 4.00(-3) | 3.11(-3) | 7.84(-4) | 3.49(-4) | 6.00(-5) 5.82(-7)
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CHAPTER-7

SINGLE-ELECTRON CAPTURE FROM HYDROGEN LIKE
ATOMIC SYSTEMS
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7.1. INTRODUCTION

In recent years much work has been devoted to the study of single-electron capture by
multi charged ions interacting with few- electron atoms. When many active electrons are
involved in high energy ion- atom collisions, one has to face the question of the influence of
electronic correlations on the magnitude of cross section for the process. The study of inter-
electronic correlation has played a central role in atomic collision physics for a long time [1].
Not only this research is motivated by the quest for a better understanding of the fundamental
few-body dynamics, but it has also practical implications for applied field, such as plasma
physics and fusion research. For a long time, theoretical and experimental efforts concentrated
on the energy dependence of total cross sections (TCSs) for a single-electron transfer from
single-electron target atoms/ ions colliding with hydrogenlike projectiles. In this respect,
previous theoretical work consists of calculations in the framework of three-body formalism such
as the continuum distorted wave (CDW-3B) approximation of Belkic [2], coupled-channel
calculations of Ford et al [3], Oppenheimer-Brinkman-Kramers (OBK) approximation [4,5],
classical trajectory Monte Carlo (CTMC) method [6,7], CDW-3B and continuum intermediate
state (CIS) approximations [8] and two-centre atomic orbital close-coupling method of Liu et al
[9]. Some of these three-body models show a satisfactory agreement with experimental data, but
these models completely neglect electronic correlations. In the present paper we shall be
particularly interested in processes of the single-electron capture, in which the two electrons take
part. Such processes involve scattering between the two hydrogen-like atoms. However, different
quantum mechanical four-body formalisms for such reactions have been proposed. Different
four-body theories such as boundary corrected first Born approximation (CB1-4B) of Mancev
[10,11], CIS approximation of Banyard and Shirtcliffe [12], CTMC method of Becker and
MacKellar [13], atomic-orbital expansion method of Fritsch and Lin [14], time-dependent
Hartree-Fock approximation (TDHF) of Henne et al [15], CDW-4B method [16,17], CDW-4B
and CB1-4B method of Mancev [18,19]. In the present theoretical investigation, we have focused
our attention on charge transfer of hydrogen-like ions/ atom by the impact of H, He* and Li**

ions in the incident energy range between 20 and 5000 keV/amu.
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The total and partial single-electron capture cross sections in He* - He" collision has
been studied within the two-electron form of the atomic-orbital expansion method [14]. The
calculated results are in very close agreement with experimental data at lower energies. Cross
sections for single-electron capture in the collision of partially and completely stripped projectile
ions with hydrogen-like atoms were calculated by Belkic [2] in the framework of three-body
CDW approximation at incident energies ranging from 25 keV to 10 MeV. In this method, the
dynamic correlations have been neglected. The calculation shows that in the low energy range,
the computed results are not in satisfactory agreement. The problem of single charge exchange in
collision of hydrogen-like atoms with ground state hydrogen-like atom / ion was investigated by
Mancev [10] in the framework of CB1-4B theory within the distorted wave four-body formalism.
In such investigation, they have studied the sensitivity of the total cross sections to the choice of
ground state wave function for helium-like atoms and the influence of non-captured electron on
the final results. However, the agreements of the obtained results with the experimental findings
are not satisfactory in the low energy range. Mancev [11] also investigated the cross sections for
single-electron transfer from helium atoms by the impact of hydrogen atoms and helium ions
using same method. They have used an independent particle model with one-electron Roothan-
Hartree-Fock (RHF) orbital for the target atom. Agreement of the obtained results with the
experimental data for He" + He collision is not satisfactory in the whole energy range. Becker
and Mackellar [13] have developed a general four-body version of CTMC and calculated the
electron transfer and ionization for He" + H and H + H collisions in the energy range 35-1000
keV, but there are substantial differences compared with the experimental results. The CDW-4B
model [18] has been used to investigate the charge exchange between hydrogen-like projectiles
and atoms. In this calculation, the effects of electron correlation have been explicitly taken into
account in the complete perturbation potential. The calculation shows that below 200 keV/amu
for He* + He collision and 150 keV for He* + H collision, respectively, the computed results are
not in satisfactory agreement. Later, Mancev [19] investigated the total cross sections for change
transfer in Li**-H and He" - He* collisions using the CB1-4B and CDW-4B in the energy range
10-5000 keV/amu. In this calculation, the dynamic correlation has been taken into account
through the perturbation potential. The computed results are not in agreement with the

experimental results in the energy range 10-300 keV/amu. Recently, electron capture by fast
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Be* (q=2,3) and BY" (q=3,4) ions in collisions with atomic hydrogen have been also studied by
Liu et al [9] in the framework of the two-centre atomic orbital close coupling method (TC-
AOCC) in the energy region from 0.1 keV/amu to 100 keV/amu. Total and sub-shells state-
selective cross sections are compared with available experimental and other theoretical data.
These results are quite satisfactory. In this context, Belkic et al [20] have extensively discussed
different quantum mechanical four-body methods for various inelastic ion-atom collisions. Based
on the success of four-body boundary corrected continuum intermediate state (BCCIS-4B)
approximation [21], we are motivated to study the above mentioned processes in the framework

of the BCCIS-4B theory at impact energies 20-5000 keV/amu.

The plan of this paper is as follows. We present the details of our calculations in Sec.II
and discuss our computed results in Sec.IIl. Finally, we make our concluding remarks in Sec.IV.

Atomic units will be used throughout unless otherwise stated.
7.2. THEORY

Single-electron capture in the process of the scattering between two hydrogen-like atomic

systems may be written as
(Zpse)), +(Zy,ey);,, = (Zpieyey) +Zy, (1)

where Z,, and Zr are, respectively, the nuclear charges of the projectile and the target. Here e, T

and P represent active electron, target ion and projectile ion respectively. e, ande, are the two
electrons initially bound to the projectile and target nucleus respectively. Finally the electron e,
is captured by the projectile but e, occupies the same orbital before and after collision. Let s,

and s, (X,and X, ) be position vectors of the first and second electrons (e; and e;) relative to
the nuclear charge of the projectile Z, (target Zr). The inter-electronic coordinate is denoted by
f, =5§—5§, =X,—X,. R denotes the position vector of the projectile (P) relative to the target (T)

nucleus. In the entrance channel, it is convenient to introduce R as the position vector between
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the center of mass of (Z,:e,) and (Z,;e,) system, and R, is the position vector of the center of

mass of (Z,;e,,e,) system relative to Zr. The total Hamiltonian of the system may be written as
H=H+V =H+V, 2)

where H;¢ represents Hamiltonian in the entrance and exit channel respectively and V¢ are the
corresponding perturbation potentials, respectively. Let Mr (M,) be the mass of the target
(projectile) nucleus. In the initial channel, one may write

! (Z-)Z,-1) 1o Zy 1o %

H=-—V; +—2 2T J___ vy _T___vVv:__F (3)
PATIE R, 2. 7 x, 2b 7' s

(L) () (1),
R x, R s, , R
When the aggregates P and T are far apart, they interact through a residual Coulomb potential

(Z,—1)(Z,—1)
RT

. According to the prescriptions of collision theory [22], this asymptotic potential
has to appear in the initial channel Hamiltonian (H;). However, the initial perturbation potential
V. is obtained by subtracting the asymptotic potential from the total interaction potential
between projectile and target. So, in the initial channel V, decreases much faster than Coulomb
interaction at large internuclear distance (ﬁ) . In the exit channel, the target is a bare ion. Thus,
H, and V; can be written as

1 Z, (Zp — 2) |- 1 oo Z p Z p 1

H, =- Vi + -—V,-——V, ——+—,
2p, 7 R, 2b 2b S, S, I,
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V — ZPZT _ﬁ_ﬁ_ZT(ZP_z) ~ 2ZT _ﬁ_ﬁ (4)
! R X, X, R, R X, X,
where ui:(1+MP)(MT+1)’ 0= M, (2+M,) Ca- M, b= M,
2+M,+M,) (2+M,+M,) 1+ M, 1+ M,

The prior form of the scattering amplitude may be written in the form

T’ =<y Vi ly; > )
Here the wavefunction in the initial channel is given by

Wi(ﬁT»iz’gl) :¢T(i2)¢P(§l) X:—(RT)’

where ¢, (X,) and @,(S,) are the target bound state and the projectile bound state

wavefunctions, respectively. xi*(liT)is the coulomb distorted wave for the relative motion of P

and T in the centre of mass frame of the whole system which satisfies the equation

{_ 1o, (2 D2Z-1) k?ljf(ﬁ

) =0 6
TR R TG ) (©)

Solving this equation, we find

Ry =e 2 T riay)e Ef-ia;LilkR, -k, R, )} %

1

Z,—1)(Z,—-1 -
where a, :M. Furthermore, k, is the initial wave vector. The electron in the
V.

projectile is passive. The passive electron plays the role of screening the projectile ion. However,
the interaction of the target ion with the screened projectile ion and that between the active

electron and the projectile core are described by the Coulomb continuum wavefunctions in the

final channel. The Coulomb continuum wavefunction in the final channel qff) is given by
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v = -0, 06,5 ot (v ¥ %)

11:1{i0‘2;1;_i (kfRT+Ef RT)} )

Z Z.\Z,—-1
where o, =—- , a, =M.
Vi Vi

Here ¢, (§1,§2) is the bound state wavefunction of the atomic system (Zp; e, e;). The bound
state wavefunction of Li* or He i.e. ¢, (§1,§2) may be written as [23] a set of two electron

hydrogenic configurations ¢, ,. (5,,5,).

Dy (§1 .S, ) = z aix‘ ¢>€w (gl .S, ) 5

A<M

where @fw is a configuration with the same symmetry as ¢; .

0.G.5) =N R, )R, ()Y EL8)+ DR, ()R, (5,) Y G,,5,)}

)Jlk

€))

1
Here the constant N, = — for A # A’

V2

_\L+S
HED T o = vand 5=14S—1,—1,..

S, (k=1,2)is the direction of the vector §,, R, (s,) and Yﬁ‘: (s,,8,) are radial hydrogenic

function and spherical harmonics, respectively.

The transition amplitude in the post form can be written as

Ty =<y, IV, Ly > (10)
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where y; is the wave function in the final channel which is given by vy, = ¢, (§1,§2)X;(ﬁp).

o; (§1,§2 )is the final bound-state wavefunction and X;(ﬁp), the Coulomb distorted wave in the

exit channel, is given by

T

x;(ﬁp)z e_5a3r(l—ia3)eik/"R" 1131{1(13;1;—1 ( k,R,+ Ef .RP)} (11D

Z\2,-2) - . . . . .
where o, = M. k, is the final wave vector. Here, the passive electron in the projectile
Vi

plays the role of screening the projectile ion in the initial channel. However, the interaction of the

active electron and the target ion with the screened projectile ion are described by the Coulomb

continuum wavefunctions. So, the wavefunction in the initial channel may be given by

+ E(0‘1‘0‘2) . . ik. .R - = 2 . - =
y; =e’ I(l-io)I(1+ia,)e™ ™ ¢(X,,5) Ffia;li(v;s,+V,.5,)} (12)
1F1{_ia2;1;ia (kiRP_Ei-RP)} )
where a, = (Zp_l) , :M'
V. V.

1 1

Here ¢.(X,,5,)=0, (X))@, (5). ¢r(X,)and @, (S,) are the hydrogen-like wavefunction for the

target and the projectile respectively. The transition amplitudes in the prior and post forms for

single- electron capture in the BCCIS-4B theory may be written as

TP = N”'[dgldizdli el Reike Ry @, (5,,5,) Flia,; ;i (vix,+ v, .%, )}x

B 11 11 11
Fiio,:Li(k, R4k, Ry Jf{Z,| ——— |+Z,| ——— |+] — == |}
1 l{ 2 ( fo+T f T)}{ T[R xlj P[R Szj [}’12 R]}

¢1(X2,§1)1F1{—ia3;1;i (kiRT_Ei'ﬁT)}’ (13)
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(o ~at,

z ~0;3)
where N =e? ‘T(l-ia)T(1+ia,)C(1+i0,) 0, =—1, a,=————— and

(Z,-D(Z,-1)
o, = .

3

V.

1

and T2S) = N[[ds,d5,dR e % o (5,5, ), F fFiaystiilk R+ K, R )

(ZZT _Z_T_QJXQ (i2’§1)1F1{ia1§1§i (V152+ v, .§2)}1F1{—i a,;l;ia (l(iRl,—Ei ,RP)}, (14)
R X, X,
where N :eg(al_az_aS)F(l—ial)F(l+ia2)F(l+ia3), o, - &) . 0, :—ZT(ZP_I),
\A v,
and o, :M_
Vi

Using the integral representation of confluent hypergeometric function, the technique of Fourier

I d
transform, Feynman parametric integral such as —— :I , X ~— and applying the
ab  glax+(1-x)b]

Lewis integral [24], respectively, equation (13) and (14) can be expressed in both prior and post

forms as

+ ’ 1 —ios— ia . 1dxm
To® =320 No—§dt, ;7 (=)' ¢im D(B,,3,.7,,7,.6))[— [dyK (15)
2mi o Ay

Bi,&,—0

where K:—i[ A ] ( A j ‘ZF1 ial;—iaz;l;z , P=BD-AC, Q=(A+B)(A+D),
A\ A+B A+D Q

- 2
k g ’ .

A2 :{ 1fv[ _(1_b)ki} x(1=x)+ A x+(1=x)B;, A, =y,+vy, for the prior form and
+

p
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-~ - 2
k k.
AZZ{Z lf\/l 1 1{/[ } X(1=x) +A7x+ (1—-x)B; for the post form.
+ +
p T

Here A, B, C and D in prior form (-) and post form (+) are given by
AT = ATy +2y(B AT+ AL+ A5+ AT,

B* =Biy’+2y(B*B/+B;,+B3;) +Bj,

C*=C/y’+2y(B*C; +C;,+Cy) +C5,

D* =D;y*+2y(B"D;+D;,+D3,) +Dj3,

where in prior form, B~ =v,,

Al =q  + (8, +A+e)> =24 .V, t,—2iv,t,(5,+A+e,),

B =—2G_ .k, +2V, .k, t,—2ik,(3,+ A+g,)—2vk,t,,

C; =2q_.k,—27, k,t,—2ik,(8,+ A+g,)—2vk.t,,

D; =-2kk, -2k, k,,

AL =B+ (A+e)  +73), By, =-2B3{q Kk +ik, (A+e))},
C;, =2B5{q_.k,—ik,(A+g,)}, Dy, =-2p;(kk,+k, .k,),

A3, =(A+g,)P;, By, =-ik,P;,, C;=-ik,P;, D,=0

A; =E {q®+(A+e,+7,)%}, B =—E {2G_.k,+2ik, (A+¢g,+7,)}
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C; =E;(2G_.k,—2ik,(A+e,+7,)}, D;=-2E;{k, k,+kk,}.

The terms q_, B, ,P,; and E}, can be explicitly written as

- - X - _ .

q. :kf(1_2+MT)_(l+bX_X)ki s [32 =52—1Vft1,

- Ef ) 2 2 - Ef 1 .
P23:{2+MP+(1—a)ki} +82+yz—2vf.{2+MP+(1—a)ki}t1—21vf82tl,

E}, =P,+2d,y,-2iv, vy, t,,

and in post form, B* =3,,

Al =qi+(y,+A+eg)” +2q, .V, t,=2iv,(y,+A+e)t,,
B’ =24, .k, 2ik,(y,+A+g,),

Cr=-24, k, -2V, .k t,-2ik, (y,+A+g,)-2v. k, t,,
D! =2k k,-2k k,,

AL =M {q+(A+e)* +83), BL =Ai{q,.k,—2ik,(A+g)},
CL =22{q, .k, —2ik,(A+¢,)}, DI, =-21%{k, .k, +kk,},

A%, =(A+g,)P,, Bl =-ik,P;;, Cl, =-ik, P}, DI =0,

Al =B {q+,+A+g,)?}, BI=2E'{q, k,—ik,(3,+A+g,))},

C!=-2E; {4,k +ik, (3, +A+e)}, D} =-2E; (k Kk +kk}.
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The terms q, , A, ,P,; and E|, can be explicitly written as

= X = X .
a =k.(1- k. (1- , A =y —iv. t
q. e ( 2+Mp) i ( 1+MP) 2 =72 il
+ 12f 12 2 2 2 b 12f 12 + + :
= +— +0,+7,-2V,. +———)t,,E], =P;+208,y,—-21v, 9, t,.
23 {2+Mp 1+MT} 2T Y2 1(2+Mp 1+MT) 10 E11 23 2Y2 2 b

Here the constant C’originates from the initial and final bound state wavefunctions.

D(B,,6,,7,.Y,-€,)is a parametric differential operator used to generate the excited-state
wavefunctions. §,,y,and y;,y, are the orbital component of the initial and final bound state

wavefunctions. Finally, the total cross sections in prior form (Qi(f_ ’) and post form (Qi(;r ') are

given by

2

(i)(naz):& k_f”TBCCIS«_r) dQ (16)

if 0 2t if
4n” k;

where dQ is the solid angle around k, .

The transition amplitude contains three-dimensional integrals such as Lewis, Feynman and a
complex contour integration. The final real form of this complex contour integration (in t3) in

equation (15) may be written [25] as

%mfdgt;mfl(tfl)i% fit,)dt,, ty—>1

e 1[4 ! j(p( ! j]/(1+e-f)dr+f<o>
2w e"+1 e "+1

0

7)

where e" = (1—t;)/t, ,T being the transformed integration variable, and ¢(t,) = 1(t,) —1(0).

161



The real two-dimensional integration in y and T is finally carried out numerically. To evaluate
the double integral (y and 7 ), we first perform the y integration by Gauss quadrature method with
different fixed values of 7 which are the Gauss Laguerre quadrature points required for the
subsequent 7 integration. The Feynman integral has been evaluated numerically with the 48-
point Gauss-Legendre quadrature method. Finally, integration over the scattering angles has been
performed with the 48-point Gauss-Legendre quadrature method. However, it may be mentioned

that cross sections have finally been evaluated with an accuracy of 0.1%.
7.3. RESULTS AND DISCUSSION

The total single-electron capture cross sections for the process of the scattering between
two hydrogen-like atomic systems were obtained by summing over all contributions (ground
state (1s?), singly excited states 1s2s, 1s2p) from individual shells and sub-shells upto n=2,
except H + H collision as the H™ ion does not have any stable excited states. So only one state is
to be taken into account in the capture process. The variation of single-electron capture cross
sections of ground state hydrogen like ions by the impact of different projectile ions as a function
of the incident energy ranging from 20-5000 keV/amu are plotted in Figs 1-4, respectively using
both prior and post forms of BCCIS-4B approximation. Post-prior discrepancy does not exceed
20% for all interactions above 70 keV/amu. Numerical computations are carried out for the

following reactions.

H+H - H (Is*)+H" (18)
He*+He' — He+ He*" (19)
He"+H —> He+H" (20)
Li**+H > Li*+H* (21)

The present results obtained for the reaction (18) are presented in Fig.1 in both forms of BCCIS-
4B approximation. Our computed results for total single-electron capture cross sections have also
been compared with the measurements of McClure [26], Schryber [27], Hill et al [28] and the
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theoretical results of Mancev [10] obtained by CB1-4B method, the continuum-intermediate-
states approximation (CIS) of Banyard and Shirtcliffe [12], CDW method of Moore and Banyard
[29] using Hartree-Fock (HF) function, the first Born approximation of Mapleton [30] and the
couple-state results of Wang et al [31]. The agreement between BCCIS-4B theory and
experimental results [26,27,28] are found to be satisfactory in both low and intermediate energy
range. Additional experimental results at higher impact energies are very much needed to
provide a better test of our formalism. The CB1-4B results of Mancev [10] obtained by means of
the Hylleraas wave function [32] for H(1s%) have a trend of departing from experimental data
below 200 keV as collision energy decreases. This is expected because the formulation does not
include intermediate continuum states which are very much important for the description of a
charge transfer event. It is also observed that the present computed results using Hylleraas wave
function [32] agree with the theoretical results of Moore and Banyard [29], but agreement is not
satisfactory with the CIS method of Banyard and Shirteliffe [12] using HF function in the low
energy region. The reason may be attributed to the fact that CIS method does not satisfy proper
boundary condition. However, the results of Mapleton [30] obtained by the two parameter
wavefunction of Chandrasekhar [33] in the first Born approximation overestimate the present
findings at low energies. This feature is obvious because first Born approximation is valid at high
energies. In Fig.2, we have displayed the present results for another symmetric collision of He"
with He" as a function of incident projectile energy. The present data are compared with the

existing experimental results of Murphy et al [34], Melchert et al [35], Schmidt-Bocking and
Dorner [36] (for the reverse reaction: He*+He(ls”) — He*(1s)+He"(1s)) and only the

theoretical results of Mancev [19]. However, our calculated results are in better agreement with
the experimental results [34,35] in comparison to other theoretical results [19] particularly at
lower side of the energy region under consideration, but agreement is poor with other
experimental results [36] who have measured the cross sections for the reverse reaction. This
discrepancy may be attributed to the principle of detail balancing. The theoretical results of
Mancev using the CB1-4B [19] approximation agrees with the experimental results of Schmidt-
Bocking and Dorner [36] (data taken from Ref. [10]), whereas the results obtained by the CDW-
4B model [19] overestimate the experimental results [34-36] below 150 keV/amu. In the CDW-

4B method, the electronic continuum intermediate states are included in both channels through
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the Coulomb waves but not being included in the CB1-4B method. However, the CDW-4B and
CB1-4B approximation may not be accurate at low energies. We have also observed that the
ground state capture is dominant as for symmetric collision. This is expected because of energy
resonance and velocity matching of the active electron in the initial and final states. We find
from Fig.1 and Fig.2 the post-prior discrepancy is within 20% above 60 keV/amu for H + H

collision and throughout the whole energy region for He" + He" collision.

Now, we shall study our computed results for the asymmetric reactions given by (20) and
(21). In Fig.3, we have displayed the present results along with other available experimental and
theoretical data for collision He* + H. From Fig.3, it is evident that the present computed results
show overall good agreement with the experimental results [37-39]. The results obtained by
CDW-4B approximation [18] overestimate the present computed results below 500 keV as the
CDW-4B approximation may not be valid in the low energy range. The CTMC results of Becker
and MacKeller [13] overestimate all the available results to a significant extent because classical
treatment of a two-electron collision system may not be accurate. It may be seen from Fig.3 that
the present results show good agreement with the theoretical results of Mancev [10] in the whole
energy range. In such case post-prior discrepancy is less than 20% above 70 keV/amu. For Li** +
H collision, the present computed results in both forms are presented in graphical form in Fig.4.
We have compared our theoretical results with only the experimental results [40] and theoretical
results [4,6,19]. It is evident that the present results show good agreement with the experimental
results. However, a comparison of the CDW-4B and CB1-4B models of Mancev [19] with the
measurements shows that the theoretical curves underestimate experimental data, especially at
lower impact energy (less than 400 keV/amu). The results obtained by the method of three-body
formalism of BCCIS approximation in prior form and CTMC method [6] have similar trend with
the present BCCIS-4B model. In both these methods [6], the interactions of the active electron in
the target with incoming projectile ions have been taken by a suitable potential containing both a
long-range part and a short-range part. However, such a BCCIS-3B model cannot yield any
information about the relative significance of the role of the dynamic electron-electron
correlation in collisions under study. As may be expected, the theoretical results of Eichler et al
[4] using Oppenheimer-Brinkman-Kramers (OBK) approximation are not in agreement with the

present results. We have observed that maximum contribution of total capture cross sections
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occur at n=2 state for Li** + H collision in the low energy range. The capture peak in the
individual state may be explained in terms of the binding energy matching and the momentum

distribution of the active electron in the initial and final state respectively.
7.4. CONCLUSIONS

We have calculated cross sections for the capture of 1s electron by hydrogen-like projectile ions
using the BCCIS-4B approximation in both the prior and post forms in the collision energy range
of 20-5000 keV/amu. The present computed results are in satisfactory agreement with the
experimental observations. The reasons for such success are the following: (i) the continuum
state of active electron have been taken into account properly; (ii) the boundary condition for the
scattering wavefunction has also been satisfied; and (ii1) the potential is faster falling than the
coulomb potential. In the presented four body formalisms, the dynamic electron correlations are
automatically included through the perturbation potentials. However more experimental data
covering higher energies is needed for the above mentioned interactions both for the

development of refined theory and their applications in other branches of physics.
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FIG. 1. Total cross sections (in cm?) as a function of the incident energy E (keV) for reaction H +

H(ls) » H™ +H".

Theory: solid line, 1: present results (prior form of BCCIS-4B); dotted line, 2: present results
(post form of BCCIS-4B); dashed line, 3: CB1-4B results of Mancev [10]; dash-dotted line, 4:
CIS-HF results of Banyard and Shirtcliffe [12]; dash-dot-dotted line, 5: CDW-HF results of
Moore and Banyard [29]; open circle, first Born results of Mapleton [30]; open square, couple

state results of Wang et al [31].

Experiments: e, results of McClure [26]; m, results of Schryber [27]; A, results of Hill et al [28].
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Total cross section (cm?)
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FIG. 2. Total cross sections (in sz) as a function of the incident energy E (keV/amu) for

reaction He' + Het — He + He?".

Theory: solid line, 1: present results (prior form of BCCIS-4B); dotted line, 2: present results
(post form of BCCIS-4B); dashed line, 3: prior form of CDW-4B results of Mancev [19]; dash-
dotted line, 4: post form of CB1-4B results of Mancev [19].

Experiments: m, results of Murphy et al [34]; e, results of Melchert et al [35]; A, results of
Schmidt-Bocking and Dorner [36] (data taken from Mancev [10] ).

167



. 2
Total cross section (cm®)
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FIG. 3. Total cross sections (in sz) as a function of the incident energy E (keV) for reaction He"

+H(1s) — He + H".

Theory: solid line, 1: present results (prior form of BCCIS-4B); dotted line, 2: present results
(post form of BCCIS-4B); dashed line, 3: CDW-4B results of Mancev [18]; open square, CTMC
results of Becker and MacKellar [13]; open circle, CB1-4B results of Mancev [10].

Experiments: A, results of Olson et al [7]; V¥, results of Shah and Gilbody [37]; e, results of
Phaneuf et al [38]; m, results of Hvelplund and Andersen [39];
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FIG. 4. Total cross sections (in cm?) as a function of the incident energy E ( keV/amu ) for

reaction Li** + H(1s) — Li* + H'.

Theory: solid line, 1: present results (prior form of BCCIS-4B); dotted line, 2: present results
(post form of BCCIS-4B); dashed line, 3: prior form of CDW-4B results of Mancev [13]; dash-
dotted line, 4: post form of CB1-4B results of Mancev [19]; open square, BCCIS-3B results of
Purkait [6]; open triangle, CTMC results of Purkait [6]; open circle, results of Eichler et al [4].

Experiments: m, results of Shah et al [40].
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