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Abstract

This work deals with the study of the orientation dependence of ionization in ion-
molecule collisions. The orientation of the molecule is defined by the angle between
the internuclear axis of the molecule and the velocity vector of the incident ion beam.
The interaction potential between the incident ion and molecule is not spherically
symmetric and depends on the orientation of the molecule. Thus the outcome of the
collision, which can be excitation or ionization, depends on the perturbation created
or the energy deposited to the molecule, will thus depend on the orientation of the
molecule. This dependence of the outcome of the collision on the orientation of the
molecule is called the orientation effect.

The dependence has been studied via the coincidence momentum imaging tech-
nique, where, under the axial recoil approximation, the orientation of the molecule
with respect to the incident projectile is determined from the measured momentum
vectors of fragments. All the experiments were performed at the Low Energy Ion
Beam Facility at Inter-University Accelerator Center (LEIBF-IUAC), New Delhi,
India. The study is limited to diatomic molecule CO and triatomic molecule OCS.
We show that a high degree of ionization is more likely to achieved when a molecule
is oriented parallel to the incident projectile as compare to perpendicular orienta-
tion. Further we show that the orientation effect is not purely a geometric effect ,
i.e. it is not merely dependent on the shape of the molecule. An asymmetry in the
angular distribution of the fragment ions is observed and quantified, showing that
the orientation effect depends on the type of the constituent atoms.

The next question examined is how does the orientation effect change with the
projectile? The answer to this is found by performing experiments with different
types of projectiles such as p*, He?*, C**, Xe*. The orientation effect is found

to depend on the interaction strength of the projectile which is parameterized by

X1



Xii

the ratio of charge (¢) to velocity (v), both in atomic units. In this work, we have
covered all the interaction strength from the perturbative regime (¢/v < 1) to
the strong interaction regime (q/v > 1). For the perturbative regime, a simple
model calculation is performed to calculate the probability of multiple ionization,
involving hyperbolic trajectories with an orientation-dependent distance of closest
approach and an impact parameter dependent single ionization probability. The
calculated probabilities show an orientation dependence and match quite well with

the experimental observations.

Keywords : orientation effect, ion—molecule collisions, anisotropy, asymmetry,

momentum imaging, multiple ionization
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Chapter 1

Introduction

What we see around us is made of small indivisible building blocks. This idea was
proposed by an ancient Greek philosopher Democritus in 450 BCE, and he called
the blocks atomos, which means indivisible. The modern word atom is derived from
this. This idea was rejected by Aristotle. He thought that every object comprises
four fundamental elements: earth, water, air, and fire. The idea of Aristotle was
widely accepted until Dalton proposed the modern atomic theory in 1803 [1]. John
Dalton’s atomic theory was based on the law of conservation of mass and the law
of constant composition, which were formulated on the basis of careful observa-
tions of chemical reactions. He proposed that all elements are made of atoms and,
atoms of different elements are different and have different masses. But, the internal
structure and indivisibility of the atom still remained unquestioned. The discovery
of the electron by Joseph John Thomson in 1897 [2] led him to propose that an
atom is consist of negatively charged corpuscles accompanied by an equal quantity
of positive charge, which are uniformly distributed throughout a sphere. This idea
remained a conjecture until 1909. The breakthrough happened with Geiger and
Marsden’s experimental observation [3]. They studied the deflection of a particles
through a thin film of gold and found that a small fraction of incident alpha par-
ticles, about 1 in 20000, were deflected by an average angle of 90 degrees. This
deflection pattern could not be explained by the atomic model of Thomson. Later,
Rutherford explained the observed deflection pattern with a simple calculation and
proposed that there must be a nuclear core with a positive charge, and negatively

charged electrons uniformly distributed around this [4]. These atomic models could



not explain the stability of atoms. A negatively and positively charged particles
in proximity of each other should coalesce instantaneously. Discrete emission spec-
tra of atoms, which were already observed then, could also not be explained by
the Rutherford model. In 1913, Niels Bohr proposed an atomic structure model
in which the electrons move in a circular orbit with discrete energy levels around
a positively charged nucleus [5]. With the development of quantum mechanics [6],
the atom is understood consisting of a central nucleus surrounded by a cloud of
the electrons. These electron distributions are solutions to the Schrédinger equa-
tion and represent the orbital in an atom. Except for hydrogen atom, Schrodinger
equation can not be solved exactly. Two or more atom combine to form a molecule.
In a molecule there are electron-electron, electron-nucleus, and nucleus-nucleus in-
teraction, and this makes Schrodinger equation very difficult to solve. In section
1.1, various approximation methods used to solve such a complex system and the
molecule structure are discussed.

The static properties of atoms and molecules have been studied extensively using
spectroscopic methods. An extensive collection of the database is available on NIST
[7]. A greater challenge is understanding of dynamics of atoms and molecules under
external perturbation. The study of dynamics of atoms and molecules under an ion
or electron impact has been strongly motivated by the need of data for ionization
cross-sections, testing and developing suitable scattering theories, and obtaining
the information on the structure of atoms or molecules [8-12]. In section 1.2, the
behavior of a molecule under external perturbation is discussed.

Molecules are not spherically symmetric. They have different shapes and struc-
tures. In ion-molecule collisions, the outcome of the collision will depend on the
structure of the molecule. This thesis deals with the study of ionization of the
molecule under ion-molecule collisions. The ionization of the molecule depends on
the orientation of the molecule with respect to the incident ion beam. In section
1.3, the orientation dependence in ion-molecule collisions is discussed briefly. The
orientation dependence is a long-studied field of research. A brief historical back-
ground is discussed in section 1.4. The questions addressed, and the outline of the

thesis is discussed in section 1.5 and 1.6.



1.1 Structure of molecule

In an atom, the electrons are bound together by the central potential of the nucleus.

One can write the Hamiltonian for an atom as,

h?

2m;

v2

-y

ZZ* (1.1)

i i j>1 Tij

where 1, j refer to electrons. m, r, Z and e represent electron mass, distance
from the nucleus, atomic number and electronic charge respectively. The first term
corresponds to the electron’s kinetic energy. The second term corresponds to the
electron’s potential energy, and the third term corresponds to electron-electron in-
teraction in an atom. For a simple one-electron system like a hydrogen atom, the
third term is zero, and the Hamiltonian can be solved exactly, and wavefunction can
be obtained. For multi-electrons atom, the exact solution to the Schrodinger equa-
tion is not possible. An approximate solution to the Schrodinger equation can be
obtained using different approximation methods such as Hartree-Fock self-consistent
field method. The Hartree-Fock self-consistent method does not consider the Pauli
exclusion principle, which says that no two electrons in an atom can have the same
value of four quantum numbers n,l,m, and m,. All electronic wavefunction must be
antisymmetric under the interchange of any two electrons. Such an antisymmetric
wavefunction can be represented by Slater determinants, and then an approximate
solution can be obtained using the Hartree-Fock method [13].

In a molecule, the potential seen by the electron lacks spherical symmetry. This
is readily seen for a simple diatomic molecule, where, the potential seen by the
electrons is two-centred. The general form of Hamiltonian for any molecule can be

written as,

h?
2my,

Vﬂ Z Zﬁe

-y

2.2 ZZ

a f>o i g>i Tij

where «a, (8 refer to nuclei, and 7, j refer to electrons. m, r, Z and e represent
mass, distance, atomic number and electronic charge. The first two terms correspond
to the kinetic energy of nuclei and electrons. The last three terms correspond to

the system’s potential energy arising from electron-nucleus, nucleus-nucleus, and



electron-electron interaction.

1.1.1 Potential energy curve

As the nuclei are more massive than electrons, they can be considered fixed relative
to electrons” motion. Born and Oppenheimer gave this approximation of neglecting
the nuclear motion in 1927 [14]. For a fixed nuclear separation, the Schrodinger

equation for an electron can be written as

[H. + Vyx]the = Uthe (1.3)
Where

. h? Z,€2 e?
h-y Mooyl ey L4

PR a 4 Tia i g>i i

AV
Van =Y., —— (1.5)
a B>a Tap

U=E.+Vyn (1.6)

The Hamiltonian in equation 1.4 looks similar to the one in equation 1.1, with a
slight difference in the second term. The electrons are bound together by the multi-
centre potential of & number of nuclei. Equation 1.5 corresponds to nucleus-nucleus
repulsion, and equation 1.6 corresponds to the total potential energy of the system,
which includes electronic energy FE. and nucleus repulsion energy Viyy. Following
Born-Oppenheimer approximation, and for a fixed value of internuclear separation,
the Schrodinger equation 1.3 can be solved in a manner similar to the atomic case.
The potential energy U then becomes a function of internuclear separation r,s. This
results in a potential energy surface for a polyatomic molecule and potential energy

curve for a diatomic molecules.

1.1.2 Molecular orbitals

By separating the nuclear motion, the Born-Oppenheimer approximation simplifies
solving the Schrodinger equation for a molecule. To solve the molecular wave-

function, there are two significant approximations beyond Born-Oppenheimer ap-



proximation. First was proposed by Heitler and London in 1927 is known as the
valance-bond method. Hund and Mulliken proposed the second in 1930 is known
as the molecular orbital (MO) theory. Valance bond theory is based on a localized
bond approach where electrons in a molecule occupy the atomic orbital of an indi-
vidual atom. Whereas in molecular orbital theory, each electron is assumed to be
in a molecular orbital, and the net wavefunction is a product of such one-electron
wavefunctions. One can always use either of the approximations; the valance bond
method or molecular orbital theory to generate the wavefunction of any complicated
molecule. The significant characteristic of MO theory is that one can construct a
set of molecular orbitals where electrons can be filled following the Pauli exclusion
principle. The molecular orbital can be written as a linear combination of atomic
orbital (LCAO). For a better understanding, let us discuss the case of Hy molecule.

A trial wavefunction can be written as,

Y = 19154 + 2158 (1.7)

where ¢y, 4 is the atomic orbital of the hydrogen atom. Solving this equation for ¢;

and ¢y, it can be shown that it has two solutions ¥4 such that

wi = C[¢13,A + ¢13,B] (18)

where ¢ is some normalization constant, ¥, describes a state that exhibits stable
chemical bond, called bonding orbital, 1) describes a state which is repulsive, and
is called an antibonding orbital. MO theory gives a set of molecular orbitals by
combining atomic orbitals. Just like the atomic orbital s, p, d, ...., molecular orbitals
are named o, 7, d.... These orbitals can also be distinguished based on the inversion
symmetry of the molecular wavefunction. If the wavefunction does not change the
sign under inversion, it is called gerade (even), and subscript ¢ is added to molecular
orbitals. If it changes sign, it is called ungerade (odd) and subscript u is added to
molecular orbitals for example o, and o.

Graphical visualization of atomic orbitals is common in textbooks [13], eg. s
orbital is spherical, p orbital has two lobes, etc. A pictorial presentation of elec-

tron density in molecular orbital for a few diatomic molecule is computed by A C
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Wabhl [15] and shown in Fig. 1.1. Let us construct the molecular orbital of a sim-
ple diatomic molecule N,. Nitrogen atom has a total of seven electrons and the

electronic configuration of nitrogen atom is (1s)%(2s)%(2p.)'(2p,)' (2p.)*".

Follow-
ing MO theory, the molecular orbital of nitrogen molecule can be constructed as
(10,)*(104)?(20,)*(204)*(17,)*(30,)%. The electronic state of a diatomic molecule is
represented by term symbol 2SJrlA:;/u_, where A is the projection of orbital angular
momentum on the internuclear axis, +/— shows the reflection symmetry along a
plane containing internuclear axis, g/u shows the parity and 25 + 1 represents the

multiplicity. The term symbol for the ground state of the nitrogen molecule is 12;.

For other diatomic molecules, the term symbol is also given in Fig. 1.1.

1.2 Molecule under external perturbation

A molecule is a stable assembly of electrons and nuclei moving in the mean-field of
each other. Under Born-Oppenheimer approximation, the Schrodinger equation is
solved, and the potential energy curve/surface for the molecule can be obtained. A
typical potential energy curve for a diatomic molecule AB is shown in Fig. 1.2. The
curve U; represents the ground electronic state of the molecule. It has a minima
Ry, which we call the bond length of the molecule. In the ground electronic state, a
molecule can rotate or vibrate around its center of mass, which gives rotational and
vibrational energy to the molecule. The rotational and vibrational energy levels lie
in the well of the ground electronic state.

Under external perturbation, when a sufficient amount of energy is transferred
to the molecule, it can be excited to different electronic states. For a diatomic
molecule AB, two excited state Uy and Uz are shown in Fig. 1.2. The transition
from ground state U; to repulsive state Us is shown by a vertical transition under
Franck—Condon principle. It relates the interaction between the vibrational and
electronic levels of the molecule. The electronic transition is so rapid, and their
timescale is so fast that the nuclei can be considered fixed during the transition.
The electronic state Us is purely repulsive such that if the molecule is excited to this
state, it will break apart into its fragments. E(A) and E(B) represent the internal

energy of fragments A and B of diatomic molecule AB when they are far apart. The
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Figure 1.2: A typical potential energy curve for a diatomic molecule AB.

extra energy which is the energy difference between the asymptotic limit of curve Us
and the point on the curve where the molecule is excited, is converted into the kinetic
energy of the fragments. The total sum of the kinetic energy of all the fragments is
called kinetic energy release (KER). KER carries information about that particular
potential energy curve of the molecule. As shown in Fig. 1.2, the molecule can also
be excited to the electronic state Us, which has minima representing the metastable
state. It may happen that a molecule tunnels through the barrier and dissociate into
its fragments. We have discussed only two excited electronic states of the molecule.
In general, the case is quite complicated.

A molecule can be perturbed by an external agent that can be a photon, electron,
or positively charged ions. Depending on the energy deposited into the molecule,
different processes can happen within the molecule. There can be excitation to
different vibrational or rotational level but within the same potential well. The
molecule can simply dissociate into its neutral fragments. A few electrons can be
removed, which is called ionization, or an ionized molecule can further dissociate,
which is known as dissociative ionization of the molecule. The effect of different

types of perturbing agents on the molecule is discussed further.



1.2.1 Photon impact

A photon is a quanta of the energy of an electromagnetic field. When a molecule is
irradiated with photons, depending on the energy of the photon, it can be excited
or ionized. If the energy of the photon is greater than the binding energy of the
electron, the electron may be removed, and the process is called photoionization as
shown in equation 1.9

hiw + AB — AB™" +ne” (1.9)

This is in the domain of perturbation theory. In a special case, the ionization or
excitation can happen when the total energy available within a short interval is
large enough, even though the energy of a single photon is very small. More than
one photon can be used to remove the electron, and this is called multiphoton
ionization. The energy and intensity of the photon play an essential role. In an
intense electric field, the potential barrier of the molecule is distorted. An electron
can tunnel through the barrier and escape the potential. This process is called
tunnel ionization. To distinguish between these two different ionization regime, an

important parameter was given by Keldysh in 1965 [16]

E
k= \/E (1.10)

where Fj is the binding energy of the electron, and U is the ponderomotive energy
(time average energy gain by a charge particle under external electric field) of the
electron under an external electric field. k£ > 1 corresponds to multiphoton ionization
(MPI) regime and k < 1 corresponds tunnel ionization regime.

Photoionization of atom and molecule is a long-studied process [17, 18]. Samson
had given a great review of this field [19]. The information about the energy level
of the molecule can be obtained from the photoelectron spectrum [20]. With the
advancement in technology, molecular dynamics is studied in a more controlled way

using pump-probe technique [21, 22]
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1.2.2 Electron impact

When a molecule is bombarded with electrons, the interaction in terms of energy of
the electron can result in excitation or ionization of the molecule. At low energy,
the electron can be captured by the molecule forming a transient negative molecular
ion, and the process is called resonant attachment. Depending on the nature of the
potential of the negative molecular ion, it can dissociate into a negative ion, and
neutral atom, which is known as dissociative electron attachment (DEA) [23] or the
attached electron can auto detach, which is called resonant scattering [24].

The interest and the advances in electron impact study of atoms and molecules
is represented in the diverse field of research such as stellar physics, plasma, and
atmospheric physics, etc. [25-27]. Dissociation dynamics of the molecule, lifetime of

metastable state, the energy level of the molecule are studied under electron impact

28, 29].

1.2.3 Ion impact

Ion impact is another method of perturbing the molecule. The interaction between
ion and molecule can take place in many different ways. The molecule can be excited

or ionized by an ion X 7", as in the case of photon and electron impact.
X7 4+ AB — X P+ L AB™ 4+ (n —p)e” (1.11)

But, together with direct ionization, charge exchange processes can take place be-
tween ion and molecule. Ionization mechanism for a diatomic molecule AB under
ion impact X7 is shown in equation 1.11. If p is zero, the charge of the projectile is
the same before and after the collisions, which is called direct ionization. Non zero
value of p represents charge exchange processes. Incident ion has two basic proper-
ties i.e. charge and velocity of the ion. The interaction strength of the projectile ion

is parameterized by Sommerfeld parameter k,

q
k= - 1.12
. (112)
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where ¢ and v are the projectile charge and velocity, respectively, in atomic units.
A large value of k, corresponds to strong interaction regime and k& < 1 represents
the perturbative regime. Multiple ionization and dissociation of molecules under
the impact of charged particles is a long studied process. Various features have
been experimentally studied in detail, focusing on the ionization cross-sections [30—
34] , kinetic energies of the fragments [35-37], dissociation sequences from multiply
charged precursors [38-40] and electron emission patterns [41]. Theoretical studies
have attempted to explain the dependence of the total and differential ionization
cross-sections and energy transfer on the nature of the projectile and for different

ionization channels [42-47].

1.3 Orientation dependence

In Fig. 1.3, a schematic of the collision geometry of a charged particle colliding with a

diatomic molecule is shown. Based on a simple geometric argument, the interaction

Figure 1.3: A schematic for collision geometry of a charge particle with a diatomic
molecule. The molecule is oriented at an angle # wrt the incident projectile.

time of the colliding ion with the molecule, which can be defined as R/v (where R is
the bond length of the molecule and v is the velocity of the ions) will be different for
different orientation of the molecule. Roughly speaking, for parallel orientation, the
colliding ion will interact with both the atoms, and for perpendicular orientation, it
will interact with only one atom. Perturbation caused by the ion will be different
for different orientations of the molecule. The second geometric argument is based

on the structure of the molecule. As discussed in section 1.1, the electron clouds
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in the molecule are not spherically symmetric. Depending on the orientation of the
molecule, the potential felt by the colliding ion will be different. This dependence
is called the orientation effect. In ion-molecule collisions, the velocity vector of the
incident projectile defines the reference, and the molecule orientation is determined

with respect to that.

1.4 Earlier studies

The absence of spherical symmetry in a molecule is expected, in principle, to lead
to an anisotropy in the ionization cross-sections of molecules subject to ion impact.
This anisotropy was observed as early as in 1935 by Sasaki and Nakao [48, 49]. They
studied the orientation dependence of dissociation probability of Hy molecule under
electron impact. They measured the angular distribution of protons with respect to
incident electrons beam for the dissociation process where Hy breaks into HT + H
+ e7. They found that the molecule dissociates seventy times as easily in parallel
orientation as compared to perpendicular orientation. The angular distribution of
proton from dissociation of Hy molecule under electron impact is studied extensively
both theoretically and experimentally [50-57] and anisotropy in the distribution is
reported.

Anisotropy in multiple ionization can be quantified using the coefficients of the

multipole expansion of the angle-differential cross-section:

do™  g0) L=

0= i [L ) 5LPL(COSQ)}, (1.13)

where 6 is the angle between the projectile direction and the internuclear axis, o™ is
the total cross-section for n-fold ionization and P;, are the Legendre polynomials. For
a homonuclear diatomic molecule, only even-L terms will contribute, rendering the
differential cross-section symmetric around ¢ = 7/2. For a heteronuclear diatomic
molecule odd-L terms will contribute, resulting in an asymmetry around § = /2 due
to different atoms. To the lowest order of asymmetry, do™ /df can be approximated
as
do™ g0

~
~

do 47

1+ (1 Pi(cos @) + B2 Py(cosB)]|. (1.14)
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where (35 represent deviation from spherical symmetry, but still reflecting a sym-
metry around 6 = w/2, whereas non-zero values of [3; represent an asymmetry

around 0 = 7/2.

1.4.1 Theoretical studies

Theoretical investigations have confirmed the anisotropy in multiple ionization of
molecules. Wohrer and Watson [58] gave a simple geometric argument for the
anisotropy: it is expected because the spatial extent of the electron cloud along the
direction of the projectile velocity is different for different orientation of the molecule.
The anisotropy should be strong for diatomic and linear triatomic molecules since
their electron clouds have a greater spatial extent along the molecular axis than in
the direction perpendicular to the axis. They calculated the ionization cross-section
of the Oy molecule orientated parallel to and perpendicular to the projectile direc-
tion. Their model was based on binomial distribution of ionization probabilities un-
der independent atom approximation [59-61], and electron correlation was ignored.
Caraby et al. [62] have calculated the angular distribution of n-fold ionization of CO
for different orientations of the molecule by extending the Wohrer—-Watson model
to an arbitrary orientation. Their model treats the two atoms of the molecule in-
dependently and identically. However, for a given trajectory, the effective impact
parameters for the two atoms depend on the orientation of the molecule relative
to the projectile, and hence the probability of ionization becomes angle-dependent.
Their calculations matched the experimental data of Horvat et al. [63] fairly well.
Kaliman et al. [64] developed a model that predicted the dependence of anisotropy
of different degrees of ionization on the projectile energy. In this model ionization
probabilities are calculated using the statistical energy deposition model of Kabach-
nik et al. [65, 66]. The trajectory of the projectile is assumed to be linear. Molecu-
lar orbital wavefunctions are employed to calculate the various matrix elements for
electron emission. Energy transfer is calculated under the unitary-convolution ap-
proximation of Schiwietz and Grande [67]. Collisions result in electronic excitations
within the molecule, the deposited energy being statistically distributed among all
target electrons. The probability distribution of the deposited energy is assumed

to be Gaussian, with mean energy that is impact parameter and orientation de-
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pendent. Depending on the energy received, some electrons escape the molecule,
leaving behind a multiply charged molecule. The anisotropy in ionization cross-
sections decreases with increasing projectile energy. The resulting anisotropy in

multiple ionization is quantified by the parameter A, given by

o(0) — o(90)

A= a(0) 4 o(90)

(1.15)

Interpreting o(6) in the above equation as the differential cross-section do™ /df at
the chosen value of # in degrees, we can write A in terms of (i, 5o appearing in

equation 1.14 as

251 + 305>
A yR TR (1.16)
36 (for 81 = 0) (1.17)
4+ B ' ' .

It should be noted, that the § parameters are based on the entire angular dis-
tribution, while the A parameter is based only on the values of the differential
cross-section at two angles. Furthermore, the parameter A will fail to capture any
forward-backward asymmetry in the process. This model was primarily developed
for No, but the authors have presented the dependence of A on the projectile energy
for different degrees of ionization of Fy, CO and CO, subject to collisions with He?"
ions, and the conclusion of their work is, that the observed anisotropy is largely

independent of the details of the species, and is mainly a geometric effect.

1.4.2 Experimental studies

Experimental and theoretical work go in parallel. In 1935, Sasaki et al. [48] pre-
sented the first experimental study. They measured the angular distribution of
protons which were produced from dissociation of Hy molecule under electron im-
pact. In the same year, this experimental work was well supported by theory [49].
Edwards et al. [68, 69] reported the angular distribution of proton from dissociative
ionization of Hy molecule under proton, D* and He™t impact for two specific orienta-

tion of the molecule. Later on, several experiments have confirmed the anisotropy in
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multiple ionization of different diatomic molecules. Varghese et al. [70] studied the
orientation dependence of ionization of Ny molecule under 19 MeV F* ion beam.
They showed that the highly ionized fragments are preferentially produced when
the molecule is aligned with its axis parallel to the beam.

The orientation effect is also found to depend on the interaction strength (k)
of the projectile. A projectile with large k can transfer the same energy at a large
impact parameter as a projectile with small & at a small impact parameter (b) since
the energy transfer depends approximately on k%/b® [71]. Thus, when integrated
over the impact parameter, the anisotropy for a given degree of ionization will tend
to vanish for a projectile with large k£, but will be significant for a projectile with
small k. The experimental study of Siegmann et al. [72, 73] shows that the ori-
entation dependence becomes stronger with increasing degree of ionization and is
inversely dependent on the interaction strength of a projectile. For a given degree
of ionization, anisotropy tends to vanish as the interaction strength increases. In
another work, Siegmann et al. [74], demonstrated a clear relationship between the
interaction strength and the anisotropy for varying degrees of ionization. For ex-
ample, the formation of Ni°" was seen to have a stronger orientation dependence
for projectiles with g/v ~ 1.2, as compared to projectiles with ¢/v ~ 2.8. Adoui
et al. [37] showed that for the CO molecule the orientation dependence of the ion-
ization cross-section is very weak for large interaction strengths. Zhou et al. [75,
76] calculated the absolute multiple ionization cross sections for HoO and CO for
fast, highly charged projectiles. Anisotropy was observed for CO at higher degrees
of ionization, while the distribution for HoO was isotropic. The orientation effect
has also been studied in charge exchange processes. Cheng et al. [77] obtained the
angular distributions of the DT for electron capture and ionization of deuterium
target under 2-16 MeV O%* ion impact. They showed that the cross-section for the
electron capture process is higher when the molecule is aligned perpendicular to the
incident beam than parallel to it. Mizuno et al. [78] studied the orientation effect
in fragmentation of CO molecule induced by charge changing process under 6 MeV
O** ions. Strong anisotropy was observed for e~ loss process as compared to e~
capture by the projectile. Liidde et al. [79] and Hong et al. [80] studied e~ capture

and loss for different orientations of HoO molecule under proton impact, and found
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an orientation dependence in the case of low energy collisions.

1.5 Questions addressed in the thesis

This work deals with the study of the orientation dependence of ionization in ion-
molecule collisions. As discussed in the previous section, earlier studies have looked
into this aspect and many trends have been observed mostly for Hy, No, O, and CO
molecule. Specifically, no study has made a distinction between the homonuclear
and heteronuclear molecules, and the orientation dependence has been attributed
purely to the geometry of the molecule.

In our study, we have measured the orientation dependence of ionization for
diatomic molecule CO and triatomic molecule OCS resulting from the collisions
with a variety of ion beams, e.g. p*, He?**, C**, and Xe’*. For CO, we show that
the heteronuclear nature of the molecule gives rise to an asymmetry in the ionization
process. A higher degree of ionization is likely to be achieved in the collision when
the incident ion first encounters the oxygen atom rather than the carbon atom.
Thus, the orientation effect is not purely a geometric effect rather it also depends
on the constituents of the molecule.

For molecules with differing bond lengths, the longer molecule is likely to show
greater asymmetry and anisotropy in the angular distributions of the fragment ions.
For this, we choose a triatomic molecule OCS to further extend our study of orien-
tation dependence in ion-molecule collisions. For the triatomic molecule OCS; it is
difficult to determine the orientation of the molecule with respect to the ion beam
because of additional degrees of freedom. We provide an alternative method to de-
termine the orientation of the molecule and quantify the anisotropy and asymmetry
in the distribution.

Furthermore, the dependence of the orientation effect on the interaction strength
(k = q/v), where ¢ and v are the charge and velocity of the ion beam in atomic
units, is studied. For a given degree of ionization, the orientation effect decreases
as one moves towards either the perturbative regime (k < 1), or towards the strong
interaction regime (k > 1). For the perturbative regime, a semi-classical model is

used to calculate the orientation dependence of ionization probability.
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1.6 Outline of thesis

This work presented here is divided into six chapters. In chapter one, we have
discussed the structure of the molecule and historical background devoted to the
study of the orientation dependence in ion-molecule collisions.

Chapter two deals with the experimental technique and data analysis methodol-
ogy. The ion source used to create the incident ion beam is discussed. The principle
of time of flight mass spectrometer and the experimental setup at Low Energy Ion
Beam Facility (LEIBF) at IUAC used to perform all the experiments is described.
The data analysis procedure followed to determine the orientation of the molecule
with the incident direction of the beam is discussed.

The next three chapters are based on the publications. In chapter three, the ori-
entation effect in multiple ionization of CO molecule under the perturbative regime
(k < 1) is discussed. We show that for a heteronuclear molecule CO, there is
a forward-backward asymmetry in the distribution. The orientation effect is not
purely a geometric effect but depends on the constituents of the molecule. With
an increase in projectile energy or when we go to a highly perturbative regime,
the orientation effect decreases. For the perturbative regime, a semiclassical model
calculation is performed to obtain the orientation dependence of the ionization cross-
section. The applicability of this model is checked with earlier reported results.

In chapter four, we discuss the orientation effect in multiple ionization of CO
under intermediate (k ~ 1) and strong (k > 1) interaction regime. For the interme-
diate interaction regime, we show that the orientation effect or the anisotropy and
asymmetry parameters, decrease as we go to to the perturbative regime or the strong
interaction regime. A comparison is made with earlier theoretically calculated re-
sults. For a strong interaction regime, a separate set of experiments is performed.
No orientation effect is observed for high k projectiles.

In continuation of this, the orientation effect for a triatomic molecule OCS is pre-
sented in chapter five. For a two-body break-up, the measurement of the molecule
orientation is straightforward. The situation is quite complex for a three-body
breakup. The two major challenges to determine the orientation of the molecule,
1. The mixing of concerted and sequential dissociation channels and 2. the bond

angle distribution in the ground electronic state of the molecule, which results in
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the asymptotic angular distribution to be different than the actual bond angle of
the molecule, are discussed. A representation to quantify the orientation effect for
triply ionized OCS is discussed in this chapter.

All of the results are summarized in chapter six. A future outlook in the contin-

uation of this work is also discussed.



Chapter 2

Experimental tools and data

analysis methodology

This thesis deals with the dependence of the ionization cross-section on the orien-
tation of the molecule with respect to the incident beam direction. The orientation
angle is defined as the angle between the internuclear axis of the molecule and the
velocity vector of the incident beam. In most of the ion-molecule collisions ex-
periments, target molecules are randomly oriented in space, so the experimental
measurement of this orientation angle is not straightforward. But for the special
case of dissociative ionization of a diatomic molecule by fast ions, it is possible to
measure the angle between the molecular axis and the incident ion beam by a co-
incidence measurement of the angular distribution of the two fragmenting ions. In
this chapter, the experimental technique used to perform this type of experiment
is discussed. All the experiments presented in this thesis were performed at Low
Energy Ton Beam Facility at the Inter-University Accelerator Centre, New Delhi,
India [81]. The experimental setup at the facility is described briefly. The steps

followed for the data analysis are discussed in the last section.

2.1 Requirements

A schematic of the interaction between the incoming charge particle and target
molecule before and after the collision is shown in Fig. 2.1. Incident charged par-

ticle interacts with the molecule and there can be elastic scattering, excitation—
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Figure 2.1: A schematic of collision between incident charge particle and target
molecule oriented at an angle #. After collision, the fragment ion fly back to back
with momenta pj; and p;. Two different coloured atoms represent heteronuclear
molecule.

fluorescence, charge exchange or a few or more electrons can be removed. Here our
focus is on the ionization of the molecule. For the experiments presented in this
work, the interaction time scale between the incident ion and the molecule is of the
order of ~100 as. The interaction time is much shorter than the vibrational time
scale, which in turn is much shorter than the rotational time scale of the molecule.
The dissociation time scale of the molecule is of the same range as the vibrational
timescales for low charge states, and shorter for higher charge states. Hence we
can make the assumption that the molecules are frozen in space for the purpose of
describing the dissociative ionization. This is called axial recoil approximation, i.e.
when a molecular ion is formed in a dissociative state, the dissociation products can
be assumed to move apart along the straight line defined by the internuclear axis of
the molecule at that instant. Thus the orientation of the molecule at the instance
of fragmentation can be derived from the directions of the measured momentum
vectors of the fragments. In the next few sections, we will describe the individ-
ual components of the experimental setup used to perform this type of experiments.
First, we will discuss the ion source used to create highly charged ions. The principle
of time of flight spectrometer and the technical details of the recoil ion momentum

spectrometer used for the experiments will be discussed in the subsequent section.
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Then we will briefly discuss the working principle of various types of detectors and
data acquisition systems. The analysis procedure followed to obtain the orientation

angle is discussed in the last section.

2.2 Ion source

There are different techniques to create an ion beam for ion-molecule collisions ex-
periments. In this section, we will briefly discuss the ion source present at the Low
Energy Ion Beam Facility at IUAC New Delhi. The projectile ions are created using
Electron Cyclotron Resonance (ECR) ion source. The ion source provides multiply
charged ion beams at a wide range of energies from 25 to 350 keV/q. The ECR ion
source can be described as a plasma reservoir for electrons, neutral atoms, and ions.
Production of highly charged ions occurs in a sequence of ionization steps under
electron impact. An electron, in a static and uniform magnetic field, moves in a spi-
ral orbit due to the Lorentz force. For an arbitrary initial velocity vector there are
two components of motion of the electrons. The velocity component along the mag-
netic field lines, superimposed with the circular motion in the plane perpendicular
to the same field, results in the cyclotron motion with gyration frequency w. When
microwave of the same frequency is injected into a volume containing low-pressure
gas, then the electrons are resonantly accelerated or decelerated, depending on the
phase of their transverse velocity component with respect to the electric field. The
ECR ion source makes use of this electron cyclotron resonance condition to energize
the plasma. The injected microwaves heat free electrons in the gas which in turn
collide with the atoms or molecules of the gas in the volume and cause ionization.
Highly charged ions are produced in successive collisions. By using a suitable ex-
traction electrode one can extract those ions from the ECR ion source and further

accelerated by a DC acceleration column.

2.3 Time of flight mass spectrometer

Time of flight is a unique technique to separate the ions according to their mass
(m) to charge (q) ratio. The time of flight of the ions depends on the configuration

of electric field through the spectrometer. In a single field time of flight mass spec-
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trometer, the ions are extracted using an extraction field and pass through a field
free drift tube. The discussion here will be on the double field time of flight mass
spectrometer since we have used a double field spectrometer in our experiments. A
schematic of double field time of flight mass spectrometer is shown in Fig. 2.2. It
consists of the extraction region, the acceleration region, and field-free region along
the same axis. The full details and principle of a double field time of flight mass
spectrometer are well described by Wiley and McLaren [82].

+V -V -V

1 2 3 -

Interaction Es Ed
Zone

ol E,=0 a
Detector Detector
2S d D

Figure 2.2: A schematic of the double field time of flight mass spectrometer.

After the collision between projectile and target molecule, ions and electrons
are created at the interaction zone. The extraction field Ey is applied to separate
the ions and electrons. The ions are further accelerated by electric field E,, pass
through to the field-free region, and detected by a detector. The length of extraction,
acceleration, and field-free regions are shown as 2s, d, and D respectively. The
double field spectrometer can be operated as a single field spectrometer by setting
E; equal to E;. The time of flight will be decided by the velocity component (v, )of
the ion parallel to the time of flight axis taken as Z-axis. The time of flight of the

ion in different regions is given by

m 2qsE
T, = 1o, 2 ] 2.1
qEJ vz + 22 (2.1)
2qsE, 2qsE, 2qdE
Td—m[—\/vg—i— 1 +\/v§+ o A d} (2.2)
qEy m m m
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D
Tp = (2.3)
\/Ug 4 205Bs | 2qdEq
The total time of flight of the ion is
T'=T,+Ty+Tp (2.4)

The =+ signs in v, correspond to initial velocity directed away from and towards
the detector. It is clear from the above equations that time of flight of the ion is
proportional to \/TT/(] and ions with different \/TT/Q will have characteristic time of
flights.

The interaction zone or the source of the ions is not exactly a point type. Due
to initial spatial spread in the interaction zone, ions of same energy will arrive
at different time which gives rise to spread in the time of flight distribution. The
resolution of time of flight spectrometer is given by the ratio to/At where At denotes
the full width half maximum value of the ToF distribution. Since the time of flight

is proportional to y/m/q, the mass resolution is given by
- -0 2.5
t (25)

To improve the resolution of time flight mass spectrometer different focusing con-
ditions are applied, one of them is space focusing which reduces the effect of the
spatial spread of the interaction volume on the time of flight. The space focusing

condition is given by [82]

1 d

3
D=2ski|l— —— 2
070 ko + /Eo So

(2.6)

where

soFs + dEy
g = ——° ¢ 2.7
0 SOES ( )

For a fixed sqg, d, and D, kq is the only variable. The focus condition for a double
field time of flight spectrometer is obtained by the ratio of F4 to E,. The focusing
condition for a single field (d = 0, kg = 1) time of flight mass spectrometer is given

as D = 2sy. As we can see, this a purely a geometric condition.
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The second factor which introduces a spread in the time of flight distribution
is initial energy of the ions. The target molecules at room temperature have a
distribution of energy. The ions created at the same position but with different
initial energy will give a spread in time of flight distribution. This spread can be
minimized by accelerating the ions to high energy as compared to the initial energy

of the ion.

2.4 Experimental setup

The experimental setup used in this thesis is based on a double field time of flight
mass spectrometer. With the development in coincidence momentum imaging tech-
nique [83, 84], it is possible to measure the momentum vector of all the fragments
ions. The experimental setup used in this work is well described in [85]. We will

briefly discuss the setup here.

2.4.1 Recoil ion momentum spectrometer

A schematic of the experimental setup with all the lengths and voltages applied is

shown in Fig. 2.3. A collimated beam of energy selected projectiles extracted from
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Interaction I
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19 38 T 12
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Figure 2.3: A schematic of the experimental setup. All the lengths are in mm.

an electron cyclotron resonance ion source is made to collide with an effusive beam of

target molecules in a crossed beam geometry (at room temperature). The pressure
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in the chamber is maintained low enough to ensure single collision condition in the
interaction zone (base pressure of the chamber is around 1.8x10~® Torr, while the
operating pressure with the effusive gas target is maintained around 2.5x10~7 Torr).

The interaction zone is shown as a dot in the schematic. An electric field of
strength ~ 50x10°® V/mm is applied in the interaction zone for the extraction of
ions and electrons perpendicular to the projectile direction. Electrons are extracted
on one side of the interaction region. A Channel electron multiplier (CEM) is used
as an electron detector. lons are extracted on the opposite side, fly through a time-
of-flight spectrometer. They are further accelerated and detected by a time and
position-sensitive detector based on a microchannel plate and a delay line anode.
The working principle of all the detectors is discussed in the next section. Ion arrival
times and positions are recorded in coincidence with the ejected electrons. Event-
by-event position and time-of-flight data were recorded during the experiment. The
molecule can be multiply ionized by direct ionization or charge exchange collisions.
The charge exchange process results in a charge change of the projectile. These
processes cannot be separated using this set-up.

Trajectories of the fragment ions in the spectrometer were determined by sim-
ulation using the SIMION suite of programs [86], and it was found that ions with
energies up to 19 eV/q are transported without loss to the detector, irrespective
of their direction of emission from the interaction volume. The typical time res-
olution of the spectrometer was measured to be 2.9x107% (At/t). The angular
resolution of the spectrometer is estimated to be 12 degrees based on the width of

the momentum-sum distribution of ion pairs.

2.4.2 Electron and ion detectors

In the current experimental setup, channel electron multiplier is used as an electron
detector and an assembly of micro-channel plate with delay line anode is used for
the arrival time and position information of the fragment ions.

Electron detector

A Channel Electron Multipliers (CEM) usually has a cone-like structure that is
built from glass as shown in Fig. 2.4. The inside coating is done from a material that

has a low work function. The wider end of the CEM funnel serves as the electron
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input side while the narrower end is the detection side. The coating material is
usually a semiconductor that is highly resistive. In the end, there is a metallic
anode from which the electron detection pulse is collected. A potential difference
is created within the CEM by biasing the narrower end of the cone with a positive
high voltage with respect to the wider end of the cone. The typical voltages applied
during the experiment are +300 V on the cone and 42500 V at the end.

Coating of low work
function material
CEM tail Anode

CEM mouth

+V, +V2

Figure 2.4: A schematic of channel electron multiplier (CEM).

When an incoming electron hits the inner surface of the CEM cone, the secondary
electrons from the coating material is produced. These secondary electrons are
accelerated due to the potential difference within the CEM and they, in turn, hit
the CEM inner wall to produce more electrons. Due to the potential gradient, the
electrons move towards the narrower end of the CEM with a cascade of more and
more electrons. Due to multiple avalanches, for a single electron hit on the CEM
surface, an electron shower containing about 107 — 108 electrons is generated within
the CEM. This electron shower is collected by the anode when it emerges out of the
CEM and hence a pulse corresponding to the electron detection is recorded. In the
experiment, the electron detector from Sjuts Optotechnik Gmbh, Model KBL 10RS
is used.

Ion detector

The ion detector is a combination of the micro-channel plate (MCP) and delay
line anode. Similar to CEM, MCP works on the principle of electron multiplication.
A micro-channel plate is a closed pack assembly of millions of miniature electron
multipliers oriented parallel to one another. Each channel act as a separate electron
multiplier. Center to center distance and diameter of these channels in micrometer

range can be achieved. A schematic of the micro-channel plate is shown in Fig. 2.5.
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Figure 2.5: A schematic of microchannel plate.

Each channel’s inner wall is made of semiconducting material. Metal electrodes
are evaporated onto the two surfaces to get electrical contact to individual channels.
Length to diameter ratio is an important factor which is 40/60/80 for standard
commercial MCP. MCPs are sensitive to ionizing radiation with a penetration depth
between 1 nm to 20 nm. When a charged particle hits the MCP, the electrons are
removed from the semiconducting surface of the electrode. The potential gradient
pulls the electrons to the backside of MCP. This results in a further avalanche of
secondary electrons and a shower of electrons is generated at the end of MCP.

After MCP, the electron shower hit another detector called delay line anode.
This is a very unique technique to extract information about the position of the
charge cloud with good resolution. The details of the delay line anode can be found
[87, 88]. As shown in Fig. 2.6, it consists of two sets of wires that are wound
around rectangular support in many loops with wire spacing of approximately 0.5
mm. When a charge cloud hit the detector, the signal travel to four corners named
x1,%2,Y1,Y2. The position information is encoded by the measurement of time a
signal needs to travel along these wires to the corners. The time difference between
the signals arriving at both ends of the wire is proportional to the position coordinate
of the charged cloud centroid. For example, if the charge cloud hits the delay line

anode exactly at the center, the time difference between the signal arriving on either
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Figure 2.6: A schematic of delay line detector.

delay line is zero, and the coordinate of the charge cloud will be (0,0). The time
signal at both ends extracted by both sets of wire gives the coordinate information.
The crossed pair of delay lines form the x and y grid, and the position is derived
from the time differences between the pairs of pulses reaching the ends of the two

delay lines:

T = (txl — txz)’ljsig (28)
Y = (ty1 — ty2)Usig (2.9)

For a given length of a delay line, the time sum (¢, + t,2 ) of the signal traveling
at both end is constant. This is called the sum condition. The time sum will be
different for different anode depending on the length of the delay line. The time

sum condition is used to distinguish between true and false events.

Figure 2.7: Actual photograph of a MCP equipped with position sensitive delay line
anode.
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The actual photograph of the MCP and delay line anode detector combined is
shown in Fig. 2.7. The photo is captured from the detector assembly of the recoil

ion momentum spectrometer at [ISER Pune.

2.4.3 Data acquisition

The signal from the detector travels via a preamplifier (PA), constant fraction dis-
criminator (CFD), and collected by a VME based multi-hit data acquisition system.
The detail of signal processing and data acquisition can be found in [89, 90]. A
schematic of the data acquisition is shown in Fig. 2.8. The electron detector signal
is used as the start/stop trigger for the data acquisition. During data acquisition,
the signal from the electron detector was delayed by 22 usec. The recoils ions are
detected within a specific time window from the detection of the electron. The

multiple signals can be processed simultaneously using the data acquisition system.

M| |D
PA |[¢e— [ ] C||L
electrons : ions P| |D
v
@E \4 v v v v
[ PA ] [PA |[PA |[PA |[PA ]
v
@LE A4 v v v v
| CFD | [cFD] [CFD]|[CFD||[CFD]
|
| NIM to ECL |
A 4 \ 4 A 4 \ 4 A 4 \ 4
Trigger TO Tx1 Tx2 Tyl Ty2

T D C [CAEN, Model V1290A]

Figure 2.8: A schematic of data acquisition. PA=pre-amplifier, CFD=constant
fraction discriminator, TDC=time to digital convertor, MCP=micro-channel plate,
CEM = channel electron multiplier, DLD = delay line detector

For each fragment the five signals are generated, one from MCP which gives
the time of flight of the ion, four from DLD which provides the information about

the position of the ion, and the detection of each electron generates one signal. The
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electron and the ion signals from their respective detectors are processed and fed to a
multihit time-to-digital convertor (CAEN, Model V1290A). The multi-hit capability
of the time to digital converter (TDC) enables us to collect information about not
only the first but several ions arriving at the detector from a collision event. The
multihit data acquisition system enables us to collect and identify fragment ions

from a collision event. The digital data is stored in a computer in ROOT format.

2.5 Data analysis platform: ROOT

The event-by-event analysis of the acquired multihit coincidence data is done using
the ROOT platform [91]. The ROOT is a framework for data processing and anal-
ysis, mainly designed for multiparticle data acquisition and analysis in high-energy
physics. The scripting, or macro, and the programming language are all C+4. The
ROOT system provides a framework with all the functionality needed to handle and
analyze large amounts of data in a better and very efficient way. The curve fitting,
histogram, function evaluation, graphics, and data visualization classes are easy to
build to interact and process the data effectively. From an event by event analysis
of the time and position information of each recoil ion, all three momentum vectors

for all correlated ions are determined.

2.6 Analysis procedure

The raw data contains both real as well as false events. The false events are inher-
ently present in any coincidence experiment. The factors such as detection efficiency
and dead time of the detectors, unequal count rates for electrons and ions, the in-
fluence of the background, etc. can give false counts in the data. The raw data is
analyzed after the experiment employing different methods to bring out the infor-
mation about the orientation of the molecule. In this section, we will discuss the
analysis procedure followed to determine the orientation of the molecule with beam

direction.
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2.6.1 Calibration of spectrometer

The first step is to calibrate the time of flight spectrometer. Before all the experi-
ments, the spectrometer is calibrated with argon gas. Argon gas is easily available
and yields multiply charged ionic species upon ionization. Molecular gases are less
suitable as they produce fragments with large kinetic energy, and few multiply charge
parent molecular ions. Since the time of flight varies linearly with W , the cen-
troid peak positions of the various argon ions is fitted and this gives the calibration
equation for the spectrometer. The plot to obtain the calibration equation is shown

in Fig. 2.9. The calibrated equation is

to(pusec) = 0.351 x y/m/q — 0.058 (2.10)

24 T T T T T T T
Calibration Plot

tof[us] = 0.351*sqrt(m/q) - 0.058
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Time of flight [us]
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Figure 2.9: Plot for calibration equation. Experimental data shown as square box
is the centroid peak position of various argon ions in time of flight spectrum.

In general, the intercept of the time of flight calibrated equation should be zero.
But in practice, due to uncertainties in the extraction field and length of various
regions of the time of flight spectrometer and due to signal processing delays of
the electronics used, the situation deviates from the ideal condition. The time of
flight equation is used for the identification of the fragment ions created after the

collisions.
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2.6.2 Time of flight spectrum

When a target molecule is bombarded with external charge particle, a few or large
number of electrons can be removed. Depending on the stability of the molecular
ion it can dissociate into its fragments. As discussed in the previous section, the
time of flight of the ions is proportional to y/m/q. The time of flight information
is used for identification of the fragment ions created after the collisions. A typical
time of flight spectrum of CO molecule under proton impact at 100 keV is shown in
Fig. 2.10. The first major peak corresponds to the molecular ion CO*. The other
fragments like C*, O" and molecular dication CO?** can be seen in time of flight

spectrum.
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Figure 2.10: Time of flight spectrum of CO under p™ impact at 100 keV.

2.6.3 Time of flight coincidence map

The fragments shown in the time of flight spectrum of CO molecule can arise from
various dissociation channels. The CO molecule may get multiply ionized and de-
pending on the stability of molecular cation, it can dissociate into various fragments

ions. For example, the dissociation channels of multiply ionized CO molecule are as
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follows

CO* — Ct+0°" (2.11)
CO** — (C?*" +0%),(CT + 0% (2.12)
co*t = 4 0% (2.13)

The fragment ions shown in the time of flight spectrum can arise from any of the
dissociation channels. For example, the C* ion can be created from doubly or triply
ionized CO molecule. This spectrum shows the fragments of the multiply ionized
CO molecule. These fragments can result from different dissociation pathways of
the CO molecule. The identification of the dissociation pathways and final charge
state of fragment ions are needed to obtain information about the total degrees of
ionization of the parent molecule.

When a diatomic molecule dissociates, the two fragment ions will fly back-to-back
because of the momentum conservation. Their times of flight will be anti-correlated.
If one of the fragment ions is arriving first at the detector, the other fragment ion
produced in the same event will reach later. If we plot a time of flight correlation
diagram for the first and second hit, the island-like shapes with a negative slope
will appear. This is called the time of flight coincidence map. The time of flight
coincidence map for CO fragmentation is shown in Fig. 2.11. Since the time of
flight of the second ion is always larger than the first ion, the lower half of the
figure is empty. The island-like shapes at different positions corresponds to different
dissociation channels of multiply ionized CO molecules. As we can see, the fragment
C* produced from doubly or triply ionized CO molecule will act as the first hit for
the dissociation channel C*:O" and second hit for the dissociation channel C*:0%**
and the corresponding islands will be different for dissociation pathways. The shape
of the island is a narrow bar with slope equal to —ga/q;, where ¢; and ¢; are the
charge states of second and first hit respectively. The total counts in each island
or the intensity of the island carries information about the branching ratio of the
particular dissociation channel. It can be seen that the intensity of C?*:0" channel
is greater than the CT:0%*", which implies the higher branching ratio for that channel

from dissociation of CO**. Up to four-fold degree of ionization is observed.
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Figure 2.11: Time of fight coincidence map for CO fragmentation under p™ impact
at 100 keV. Different islands corresponds to different dissociation pathways.

For a triatomic molecule or larger molecule, the dissociation pathways can be very
different than a simple two body breakup. The two types of mostly observed disso-
ciation pathways are concerted and sequential pathways. For a concerted breakup,
all the bonds break simultaneously. Sequential breakup is a two-step process. One
of the molecular bond breaks first leaving behind an atomic ion and intermediate
molecular cation. The molecular cation can rotate and dissociate after some time.
For such a breakup channel the time of flight is not anti-correlated. The shape of
the islands can be very different from a simple narrow bar as observed for diatomic
molecule CO. The shapes of the islands for different dissociation mechanism are

described very well by Eland [92].

2.6.4 Momentum calculation

To determine the orientation of the molecule, we need to find the momentum vector

of the individual fragments ion from a dissociation event. The time of flight coinci-
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dence map provides information about the dissociation channel for a given degree of
ionization. For a given fragment ion, the information we get from the experiment is
the position and time of flight. Once the time of flight (¢) and the position (z,y) is
obtained, the momentum vector of each registered ion can be derived easily. Only
the z component of the momentum vector will be affected by the extraction field.

The momentum vector along the time of flight axis (z axis) is given by

Pz = qu(tO - t) (214)

where ¢, is the peak position of the time of flight distribution for a given fragments
which corresponds to p, = 0. The other two components are calculated from the
position spectrum (z,y) of the fragments ions.

r — X
t

Pr=m (2.15)

Y—Yo

; (2.16)

Dy =m

where t is the time of flight of the fragment ion and (zo,yo) is the centroid of the
projection of the interaction volume on the detector plane. The momentum vector
of the individual fragment ion from the dissociation of multiply ionized CO molecule

from each collision event is calculated by this method.

2.6.5 Orientation measurement

The initial orientation of the molecule with respect to the beam axis can be derived
from the momentum vector of fragments. For this, first, we need to know the beam
direction. Since the projectile ion will ionize the residual gas molecule along its track,
the trace of the molecular ions will be obtained on the position-sensitive detector.
The parent molecular ions have very low energy as compare to the fragments ions.
For molecular ions, the deviation from the centre position (interaction volume) will
be very small when they are detected on the position sensitive detector. The position
spectrum of the molecular ions (CO™) or atomic target ion (Ar™) can be used to
find the projection (xg, o) of interaction regime and the direction of the projectile.

The direction of the projectile in our experiments is taken to be along the x-axis.
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In this work, the main focus is on the dependence of the ionization cross-section
on the orientation of the molecule with the incident beam direction. As discussed
earlier, the multiply ionized molecular ion can dissociate into its fragment ions.
For example, the molecular ion CO3** can dissociate via two-channel C?**:0F and
C*:0%*. After the selection of a particular dissociation channel from the time of
flight coincidence map, we can determine the orientation angle of the molecule by
measuring the relative angle between one of the fragment ions and projectile di-
rection. This will give the orientation angle of the molecule for that particular
channel only. In a similar manner, the procedure can be repeated for other disso-
ciation channels that results from the same molecular parent ion. For a particular
degree of ionization, all the dissociation channels are added and orientation angle
of the molecule is obtained. For example, the orientation of the molecule for CO3*
is derived by measuring the relative angle between carbon ion and the projectile
direction for both the dissociation pathways. In the next three chapters, we will
discuss the orientation dependence of multiple ionization of diatomic molecule CO

and triatomic molecule OCS under the impact of different types of projectiles.



Chapter 3

Orientation effect for CO in the

perturbative regime

In chapter one, we have discussed the earlier works devoted to the study of orienta-
tion dependence of multiple ionization of molecule, which were mainly focused on Hs,
05, Ny, and CO molecules. The main conclusion was that a highly charged molec-
ular ion state is more likely to be achieved when the molecule is oriented parallel
to the beam direction than when it is oriented perpendicular to the beam direction.
But, no attention seems to have been given to the distinction between the homo-
nuclear and hetero-nuclear nature of the molecules, and the orientation dependence
was recognized purely as a geometric effect. To verify the differences if such a dis-
tinction can be made, we have investigated the orientation dependence in multiple
ionization of a hetero-nuclear molecule CO. Orientation effect is found to depend
on the interaction strength of the projectile [74], which is defined by Sommerfeld
parameter k = ¢/v, where g and v are the charge and velocity of the projectile in
atomic units. If the value of k£ is less than one, it corresponds to a perturbative
regime, and if it is greater than one, it corresponds to a strong interaction regime.
This chapter deals with the orientation effect in multiple ionization of CO under the
perturbative regime. A simple model is used to calculate the ionization probability,
involving Rutherford-like trajectories with an orientation-dependent distance of clos-
est approach and an impact parameter dependent single ionization probability. The

calculated probabilities show a good agreement with the experimental observations.

37
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3.1 CO molecule

CO is a heteronuclear diatomic molecule with a bond length of 112.8 pm and a
molecular mass of 28 amu. The carbon atom has four and the oxygen atom has six
electrons in the valence shell. Following the octet rule, two atoms combine to form
a CO molecule with a triple bond between them. One of the bonds is dipolar where
both the bonding electrons are shared by the oxygen atom. This causes a small
positive charge on the oxygen end and a negative charge on the carbon end. The
other two bonds are covalent where two pairs of electrons are shared between the
atoms. Since oxygen is more electronegative than carbon, this covalent bond gives
a small negative charge on the oxygen end and a positive charge on the carbon end.
Overall, CO is a polar molecule with a small net negative charge on the carbon and

a small positive charge on the oxygen atom resulting in a small dipole moment of

0.122 Debye.

3.2 Experimental results

The perturbative regime can be achieved when the charge (¢q) of the projectile is
small and velocity (v) of the projectile is high such that ¢/v < 1. We have carried
out experiments with p* (proton) beam at different energy such that the interac-
tion strength & < 1. The projectile energy, velocity, and interaction strength are

tabulated in Table 3.1

Energy (keV) Velocity (au) Interaction
strength (k)

25 1 1

20 1.42 0.704

100 2 0.50

200 2.83 0.353

Table 3.1: Energy, velocity and interaction strength for p™ beam

3.2.1 Dissociation channels

The dissociation channels can be obtained from the time of flight coincidence map.

The time of flight coincidence map for the first and second hit is shown in Fig. 2.11
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and the dissociation channels that are observed for various degrees of ionization are

co** — Ct+0*" (3.1)
CO*" — (C*" +07),(CT +0°) (3.2)
co*t — C* 407 (3.3)

3.2.2 Orientation effect for CO under p™ impact

The interaction time between the projectile ion and target molecule can be esti-
mated from R/v, where R is the length parameter for the molecule and v is the
projectile velocity. In our experiment, the interaction time between the projectile
and the molecule is approximately 100 as. This timescale is much shorter than the
vibrational time scale, which in turn is much shorter than the rotational time scale
of the molecule. The dissociation time scale of the molecular ions is of the same or-
der as the vibrational timescales for low charge states, and shorter for higher charge
states. Hence the molecule can be considered frozen in space for the purpose of
describing dissociative ionization. For a stationary diatomic molecule, the dissoci-
ating fragments will always fly back-to-back due to momentum conservation. The
orientation of the molecule at the instance of fragmentation can be derived from the
directions of the measured momentum vectors of the fragment ions.

At the time of the collision, the target molecules are randomly oriented, and
the resulting fragment ions have been detected by projecting them onto a planar
detector. In this situation, the observed angular distribution of the ions will be
given by

N(0) = Ny|1+ 81 Pi(cosf) + B Ps(cosf)| sinb (3.4)

where 6 is the angle between internuclear axis of CO molcule and incident velocity
vector of the p™ beam, Ny is the normalisation constant, 8; and (35 are the asym-
metry and anisotropy parameters, and the sin # factor is the solid angle correction.
Non-zero values of the parameter 5 represent deviation from spherical symmetry
(sin @), but still reflecting a symmetry around 6 = 7/2, whereas non-zero values of

p1 represent an asymmetry around 6 = /2 (reference Fig. 3.2).
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Figure 3.1: Orientation angle dependence for multiple ionization of CO under
p™ impact at 100 keV. Observations—circles with error bars (statistical errors),
Model—continuous curve, Isotropic case —dashed curve (sin #).

The experimental results for orientation angle dependence multiple ionization of
CO molecule under 100 keV p* impact are shown in Fig. 3.1. It is clear that for
a low degree of ionization the angular distribution has a mild anisotropy. With an
increase in the degree of ionization, the anisotropy increases. This implies that a
high degree of ionization predominantly occurs when the molecule is oriented paral-
lel to the beam. For parallel orientation, the heteronuclear nature of the molecule is
expected to influence the ionization probability. In other words, a forward-backward
asymmetry is expected in multiple ionization when the molecule is oriented parallel
to the projectile direction. Depending on whether the projectile faces the carbon
atom first or the oxygen atom first, the net ionization probability for the molecule

will be altered. Thus, a process with high anisotropy can also be expected to show
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asymmetry in angular distribution. Over the entire energy range of incident pro-
jectile i.e. 25-200 keV, we find a strong orientation dependence of the ionization
cross-sections, especially at lower incident energies and a higher degree of target
ionization.

The observed angular distribution of the fragment ions is fitted to equation 3.4
and the values of the anisotropy and the asymmetry parameters, 8, and [, are
obtained for each incident energy. The observed values of these parameters are
shown in Table 3.2 and will be discussed in a later section. We can see that with
an increase in projectile energy, the values of anisotropy and asymmetry parameters

decrease.

3.3 Model calculation

For the perturbative regime, we have performed a simple model calculation to obtain
the orientation dependence of ionization probabilities of CO molecule. This model
is based on the idea of Wohrer and Watson [58]. They calculated the ionization
cross-section of the Oy molecule orientated parallel to and perpendicular to the
projectile direction. We have extended the model to the CO molecule and included
all orientations of the molecule. The simple classical model produces remarkably
good results. The anisotropy and asymmetry predicted by the model show good
agreement with the experimental observations. In this section, we will discuss the

model calculation in detail.

3.3.1 Assumptions

The two basic assumptions for the model calculation are 1. Independent atom
approximation and 2. Independent electron approximation. Under the first ap-
proximation, the interaction of projectile is considered separately with the atoms
of the molecule. Under the second approximation, the electron-electron correlation
is ignored. In the perturbative regime, the single ionization probability p(b) of an
atom impacted by a projectile following a linear trajectory with an arbitrary impact

parameter b is given as

p(b) = poexp(—b/7), (3.5)
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where pg is the single ionization probability for a certain projectile-target pair at
zero impact parameter, r is an effective radius of the shell from which the electron
is removed. For any atom, the effective radius r can be determined using the Slater
formula [93]. Under the independent electron approximation, the probability of
removal of n electrons from an atomic shell containing N electrons will be given by

the binomial distribution
PY(b) ="C, [p(0)]" [1 = p(b)]V " (3.6)

Under independent atom approximation, the probability of removal of n electrons

from a diatomic molecule, such as CO, will be given by
j=n
Copy _ C/13,C\ PO (2,0
&(@—2%@)&45) (3.7)
iz

where the superscripts to P refer to the individual atoms or to the molecule, and
b, b°, b° are the distances of the projectile from the molecular center of mass, and

two atomic nuclei respectively.

3.3.2 Straight line and hyperbolic trajectory

Wohrer and Watson calculated the ionization cross-section of the O, molecule ori-
entated parallel to and perpendicular to the projectile direction. Caraby et al. [62]
extended their calculation and obtained the differential cross-section as a function
of orientation of the molecule. The differential cross-section depends on the orien-
tation angle. Nonetheless, their model did not take into account the hetero-nuclear
nature of the molecule and predicted differential cross-sections that are symmet-
ric around # = 7/2 (angle between the internuclear axis and the direction of the
incident velocity of the projectile, or 6 in Fig. 3.2).

The two assumptions made in their models were that the trajectory is a straight
line and that ionization occurs only at a specific point (z = 0,y = b) on the tra-
jectory. This precludes any forward-backward asymmetry in the overall ionization
cross-section. For a straight-line trajectory, the asymmetry that is expected in the

orientation angle dependence of the ionization of a heteronuclear molecule will not
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Figure 3.2: Trajectory of the projectile, molecular orientation, and various distances
and angles.

emerge, since the problem is exactly symmetric in the forward and backward hemi-
spheres.

In our calculation, we propose a modified trajectory. This is based on a Rutherford-
type trajectory in which ionization may occur at any arbitrary distance s from the
molecular center of mass, with the probability vanishing exponentially with the dis-
tance, similar to that in equation 3.5. The classical Rutherford trajectory is for a
spherically symmetric potential. The trajectory is defined uniquely by the impact
parameter b and the distance of closest approach D,;,, in the case of zero impact
parameter (b = 0). For pure Coulomb potential Dy, = qpqr/E, where gp, qr are
the projectile and target charge, respectively, and E is the kinetic energy of the pro-
jectile with respect to the target. The scattering angle is given by 2 tan™!( Dy, /2b)
in the centre of mass frame (See Fig. 3.2).

The interaction potential between a point charge projectile and a target molecule
deviates from spherical symmetry especially for close encounters. Thus, we need
to account for the non-spherical nature of the scattering potential in terms of an
orientation-dependent value of Dy,;,. As given by equation 3.5 the ionization prob-
ability is greater for close encounters compared to distant encounters. Since the
Rutherford trajectory is determined by the value of D,,;,, we consider modifying its
definition to obtain an orientation-dependent ionization probability. In the work by
Wohrer and Watson, and Caraby et al., we saw that the ionization probability is

larger for the parallel orientation as compared to the perpendicular orientation. The
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same pattern emerges from the statistical energy deposition model-based study by
Kaliman et al. [64], the ionization probability is large for close encounters and small
for distant encounters. From the results of previous work, the value of D,,;, should
be large for § = /2 and small for § = 0, 7. Further, the values of Dy, should
be such, that the closest distance that a projectile may approach the molecule be
no smaller than the typical radius of ionization, to ensure that the probability of
ionization does not exceed 1 at any distance. Based on these considerations, we
define Dy, as
1 1/2

Diin(0) = g(v) |72, + (5 Rsin6)? (3.8)
in which 7, is an effective ionization radius of the molecule, R is the internuclear
separation and g(v) is a projectile velocity-dependent scaling function. For the
present set of observations, which are in the perturbative regime (k < 1), we have
taken g(v) to be (1/v)Y/2, as it is found to give a close match to the trend in
the anisotropy and asymmetry parameters over the energy range. The trajectory
is calculated in the same manner as in Rutherford scattering, and due to the 6-
dependence of D, the trajectory becomes 6 dependent and, in turn, the ionization

probability become dependent on the orientation of the molecule.

3.3.3 Differential cross-section

The cross-section for removing n electrons for a particular orientation of the molecule

is given by

do-(n) fe'e) T 2T
- / / /aﬁ P,(s)bsin(y) dx dbde; s =s(0;0, x, ®) (3.9)

do b=0 Jx=a Jp=0

The probability P,(s(b, x, ¢)) is given by an expression based on equation 3.6, 3.7

Pu(s) =Y PF(s®) P2 .(s°) (3.10)

5=0
where s© and s© are the instantaneous positions of the projectile from the two
atoms of the molecule. For both atoms, the distance of the projectile is dependent
on the orientation of the molecule for every value of the impact parameter b. It

is clear from Fig. 3.2, and from equation 3.10, the ionization probabilities for the
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two atoms are not equal, owing to differences in distances s and s© and between
probabilities p§’ and pQ for a given trajectory of the projectile.

If the ionization cross-section does not depend on the orientation of the molecule,
the fragments arising from the multiply-charged molecular ion will be emitted isotrop-
ically, and the observed fragment ion counts N will follow the distribution N ()
sin . The sin # distribution is due to the solid angle correction in the observations.
If there is some dependence of the ionization cross-section on the orientation of the
molecule, deviations from the isotropic case are quantified by two parameters 31, o

in the multipole expansion of the differential cross-section:

do®™ oo
5~ 1+ B1Pi(cos®) + BaPa(cosh)|. (3.11)

The model calculation does not directly predict the values of asymmetry and
anisotropy parameters (31, 3. They are obtained by a least-squares fit to the pre-
dicted values of do™ /df (i.e. equation 3.9). The values of 1, 3, thus obtained are
compared with the values of 51, B2 obtained by a least squares fit to the experimen-

tally observed distribution of fragment ions.

3.3.4 Adjustable parameters

The adjustable parameters in our model are p§, pS and the function g(v). As
discussed earlier, the function g(v) is taken to be (1/v)'/? to match the model cal-
culation and experimental observation. Since this model does not give the absolute
cross-sections, the relative values of p§ and pQ matter, and not the absolute values,
as long as they are both < 1. For the range of energies covered in the experi-
ment, the ionization cross-sections are nearly independent of the projectile energy
for every degree of ionization [94]. Hence, the values of p§ and p§ are taken to be
independent of projectile energy. The value of p§ is chosen to be 0.8, based on the
recommendation of Caraby et al. [62]. We have set the value for the oxygen atom
to 0.8 Ic¢/Io, where I and Ip are the first ionization potential energy of carbon
and oxygen atom. The value of the effective ionization radii of carbon and oxygen
atoms are calculated using the Slater formula [93]. For double ionization, the value

of rc and rg is taken to be equal to the L-shell radius, since the probability of the
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participation of the K shell electrons is negligible. For higher degrees of ionization,
K-shell electrons can contribute, so the values of r¢ and ro are set equal to the
average of K-shell and L-shell radii of the carbon and oxygen atoms, respectively.
The value of ry,(ionization radius for the molecule as a whole, needed in equation

3.8) is taken to be (r¢ +ro)/2 in all cases.

3.4 Comparison of experimental results and model
calculation

In section 1.2.3, we have discussed the experimental results for 100 keV p* impact on
CO. Experimental data are fitted to equation 3.4 and the values of the asymmetry
and anisotropy parameters, $; and 5, are obtained. The calculated value of ori-
entation dependence ionization probability is shown by the continuous curve in Fig
3.1. The calculated distributions agree fairly well with the experimental results. For
other energies, we present the results in terms of the asymmetry and anisotropy pa-
rameters obtained by fitting equation 3.4 to the experimental and predicted angular

distributions. The values of these parameters are shown in Table 3.2.

| Ep(keV) [n | el | B
obs. calc. obs. calc.
25 2 0.028 £ 0.008 | 0.065 4= 0.004 | 0.164 + 0.011 | 0.424 £ 0.006
3 0.193 £ 0.013 | 0.127 &+ 0.034 | 0.677 &+ 0.018 | 1.282 & 0.044
4 0.377 £ 0.068 | 0.459 4+ 0.089 | 1.507 £ 0.112 | 1.915 £+ 0.120
50 2 0.026 £ 0.008 | 0.049 4 0.003 | 0.146 £ 0.011 | 0.339 £ 0.004
3 0.145 + 0.012 | 0.128 + 0.021 | 0.643 = 0.016 | 0.936 + 0.027
4 0.338 £ 0.030 | 0.369 4 0.056 | 1.249 + 0.045 | 1.507 £ 0.072
100 2 0.048 £ 0.009 | 0.040 4+ 0.002 | 0.131 £+ 0.013 | 0.273 £ 0.003
3 0.117 £ 0.012 | 0.111 £ 0.014 | 0.596 £ 0.016 | 0.679 £ 0.018
4 0.261 £ 0.042 | 0.284 £+ 0.036 | 1.024 £ 0.059 | 1.174 £ 0.046
200 2 0.046 £ 0.009 | 0.029 4 0.001 | 0.148 £ 0.012 | 0.230 £ 0.002
3 0.093 £ 0.015 | 0.087 4 0.009 | 0.507 £ 0.020 | 0.499 £ 0.012
4 0.068 £ 0.060 | 0.212 4 0.023 | 0.915 £ 0.082 | 0.919 £ 0.029

Table 3.2: Asymmetry and anisotropy parameters for p™ projectiles at different
energies and different degrees of ionization (n) of target molecule CO. The values
of 51 and By are shown for fit to the observed angular distributions and for model
calculation

We see that (5, and [, increase with the degree of ionization for fixed projectile
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energy. Experimental results show that a higher degree of ionization is likely to be
achieved in the collision when the projectile first encounters the oxygen atom rather
than the carbon atom, which is correctly predicted by the model. It is clear from
Table 3.2 that for a fixed degree of ionization, asymmetry and anisotropy decrease
with an increase in projectile energy. The calculated and experimental distributions

follow the same trend.

3.5 Applicability of the model

With this model calculation, we are able to predict the asymmetry for the heteronu-
clear molecule which was missing in the earlier theoretical works. To further check
the applicability of the model, we calculate the orientation dependence of ionization
probability of homonuclear molecule, and compare the calculation with earlier works
of Siegmann et al. [72]. They have reported the anisotropy in the ionization cross-
section of Ny, Oy and CO molecule under different types of projectile in perturbative
regime.

The values of 7 and py (as used in equation 3.5) need not be constant for a
given target when it is impinged with projectiles of different velocities or charge.
Tonuma et al. [46] have experimentally determined the dependence of r and py
on the projectile charge, and found that the values of r and py gradually increase
with increasing projectile charge. However, they do not suggest any function for
the g-dependence of r. In our model, an increase in the value of r results in weaker
anisotropy and asymmetry, which is consistent with the results for a highly charged
projectile.

In perturbative regime, the single ionization probability of an atom impacted by

a projectile of charge ¢ is given as [95]

Pe(b) = ¢* p(b) (3.12)

where p(b) is the single ionization probability under p* impact (of the same velocity),
as given by an expression similar to equation 3.5. For a projectile with large ¢,
the single ionization probability calculated using this formula will be greater than

unity for small impact parameters. To avoid the violation of unitarity at large ¢, a
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unitarization method is used , which sets

Py(b) = 1 — exp [=p, ()], (3.13)

as the ionization probability for ¢ > 1. Using this probability function, the orienta-
tion dependence ionization probability is calculated in the same manner as discussed
in section 3.3 and the value of anisotropy parameter is obtained.

Table 3.3: Comparison of calculated value of anisotropy parameter (3, from this

model with experimentally observed and calculated value of anisotropy parameter
by Siegmann et al. [72].

n =2 n=3 n=4
Siegmann et al. [72] this Siegmann  this Siegmann  this
E (keV) | expt. calc. calc. | expt. calc. calc. |expt. cale. calc.
Collision: DT+CO
100 0.13 —-0.05 0.195 | 0.35 034 0432 0.8 095 0.717
150 0.13 —0.08 0.186 | 0.33 0.26  0.403 | 0.68 0.83  0.667
200 0.10 —-0.09 0.180 | 0.33 0.21  0.383 | 0.80 0.78 0.634
250 0.10 —0.10 0.176 | 0.27 0.19 0368 | 0.71  0.74  0.610
300 022 —-0.14 0.173 | 0.26  0.17  0.357 | 0.67 0.71  0.591
Collision: He™+CO
100 022 —-0.04 0.180 | 0.19 033 0472 | 0.76  0.95 0.746
150 0.30 —0.11 0.171 | 0.22 0.15 0440 | 0.75  0.62  0.698
200 032 —-0.13 0.165 | 0.21  0.06 0421 | 0.66 045 0.668
250 0.35 —0.12 0.161 | 0.20 0.01 0407 | 0.77 035 0.646
300 0.34 —0.12 0.158 | 0.21  —0.02 0.396 | 0.63  0.27  0.629
Collision: H*+N,
20 —-0.26 —0.02 0.248 | 0.18 047 0472 | - 1.25  0.969
100 —0.30 —0.08 0.211 | 0.16  0.30  0.326 | - 0.98  0.749
150 —-0.26 —0.10 0.193 | 0.12 0.24  0.260 | - 0.87  0.645
200 —0.26 —0.10 0.182 | 0.09 0.20 0.220 | 0.12 0.81  0.579
250 -0.29 -0.11 0.174 1 0.03 0.19 0.192 | - 0.78  0.533
300 -0.25 —-0.11 0.168 | —0.02 0.18 0.172 | 0.09 0.76  0.497
Collision: HT+0,
20 —0.12 0.00 0.318 | 0.17  0.57 0572 | — 1.37  1.171
100 —-0.10 —0.05 0.276 | 0.22 041 0409 | 033 1.14 00918
150 —-0.07 —0.07 0.256 | 0.19 034 0335 022 1.04 0.796
200 —0.06 —0.09 0.243 | 0.15 030 0.289 | - 0.96 0.719
250 —0.06 —0.09 0.233 | 0.15 0.27  0.256 | - 0.89  0.664
300 —-0.08 —0.10 0.226 | —=0.11 0.26  0.232 | — 0.85  0.622

In Table 3.3, the calculated values of anisotropy parameter 5y for CO, Ny and Og
molecules are compared with the experimental and calculated value of Siegmann et

al. [72]. For CO molecule under D™ and He™t impact, for n = 2 our model predicts a
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positive value of anisotropy parameter J5 which agrees with the experimental results
of Siegmann, while the calculated values using SED model are negative. For higher
degrees of ionization, the model predicted values agree fairly well with their results.
For homonuclear molecules, the values of r and py will be the same for the two atoms
and the asymmetry parameter 3; will be zero. We set the value of p% = 0.8 I/Ix,
and the values of r in the same manner as for CO, using the Slater formula. In
Table 3.3, calculated values of the anisotropy parameter for Ny and O, under p™
impact are compared with the experimental and calculated values, and there is a

fairly good agreement with their results.

3.6 Summary

Orientation dependence ionization probability of diatomic molecule CO is discussed
under p* impact at energy 25-200 keV. We show a higher degree of ionization is
likely to be achieved in the collision, when the projectile first encounters the oxygen
atom rather than the carbon atom which implies that the orientation effect is not
purely a geometric effect but depends on the constituents of the molecule. With an
increase in projectile energy, the orientation dependence decreases.

For the perturbative regime, a calculation is performed to obtain the orientation-
dependent ionization probability for a diatomic molecule subject to a charged par-
ticle. The trajectory is taken to be hyperbolic with a distance of closest approach
that depends on the orientation of the molecule. In this model, the interaction be-
tween the projectile and the two atoms of the molecule is considered separately un-
der independent atom approximation. The electron-electron correlation is ignored.
The heteronuclear nature of the molecule is accounted for by treating the ioniza-
tion radius and the single ionization probability to be different for the two atoms.
Calculated orientation angle-dependent multiple ionization probabilities agree fairly
well with the experimental results on the CO molecule. This model is further ap-
plied to different systems in the perturbative regime for which data is available and
the predicted values show fair agreement with those results. This model can pre-
dict the asymmetry for the heteronuclear molecule which was missing in the earlier

theoretical works.



Chapter 4

Orientation effect for CO in the
intermediate and strong

interaction regime

In the previous chapter, we have discussed the orientation effect in multiple ioniza-
tion of the diatomic molecule CO under the perturbative regime. The orientation
effect was parameterized by two parameters 5, and [y, which corresponds to the
asymmetry and anisotropy in the angular distribution. The values of asymmetry
and anisotropy parameters depend on the interaction strength (k = ¢/v) of the
projectile. Siegmann et al. [74] showed that for a given degree of ionization N3°*,
strong anisotropy was observed for Xe!®* (k=1.2) as compare to Xe**(k=2.8). The
energy transfer by the projectile depends approximately on k?/b% [71]. A projectile
with a large k can transfer the same amount of energy at a large impact parameter
as a projectile with a small £ at a small impact parameter. For large impact param-
eters, the projectile will no longer see a detailed structure of the target molecule.
Thus, when integrated over the impact parameter, for a given degree of ionization,
the anisotropy will tend to vanish for a projectile with large k& but will be significant
for a projectile with small k. To systematically study the dependence of orienta-
tion effect on projectile interaction strength, further experiments were carried with
He?* and XeT such that interaction strength for He?* falls under the intermediate
regime (k ~ 1) and for Xe", it falls under strong interaction regime (k > 1). In

this chapter, we will discuss the orientation dependence in multiple ionization of CO
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in the intermediate and strong interaction regime.

4.1 CO molecule under He?" impact

In this section, we will discuss the orientation dependence in multiple ionization of
CO in the intermediate interaction regime. To achieve the intermediate interaction
regime (k ~ 1), the experiment was carried out with a He*" beam at different
energies. The projectile energy, velocity, and interaction strength (¢/v) are tabulated

in Table 4.1

Energy (keV) Velocity (au) Interaction
strength (k)

100 1 2

200 1.41 1.41

300 1.74 1.15

400 2 1

500 2.25 0.89

700 2.63 0.76

Table 4.1: Energy, velocity and interaction strength for He?* beam

4.1.1 Dissociation channels

Dissociation channels can be identified from the time of flight coincidence map. The
time of flight coincidence map for CO fragmentation under 100 keV He?* impact is
shown in Fig. 4.1. Different islands correspond to different fragmentation channels
for multiply ionized CO molecule. Up to a five-fold degree of ionization is observed
at all incident energies. Dissociation channels that are observed for various degrees

of ionization are

CcO** — CT+07 (4.1)
CO* — C* 4+ 0f Cct4+ 0% (4.2)
CO*™ — C* 4+ 0%, C** + 0", Ct + 0% (4.3)
COt — C* 407 (4.4)
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Figure 4.1: Time of flight coincidence map for CO fragmentation under 100 keV
He?* impact. Different islands corresponds to different dissociation pathways.

4.1.2 Orientation effect for CO under He?" impact

In our experiment, we have covered the range of k in the intermediate interaction
regime (0.76 < k < 2) by choosing He?T projectiles with energies ranging from
100 keV to 700 keV. Experimental data are fitted to equation 4.5 and the values of
the asymmetry and anisotropy parameters, 5; and 5, are obtained. The observed
and fitted angular distributions of multiple ionization of CO under 100 keV He?"
impact are shown in Fig. 4.2. The experimentally obtained values of 31, 52, from the

fit to the experimental data, are shown in Table 4.2 for all the projectile energies.
N(0) = Ny|1+ p1Pi(cosf) + PoPy(cosf)| sin b (4.5)

In Table 4.2, one more parameter A is tabulated,. This parameter is calculated

to make a comparative study with the earlier reported results of Kaliman et al. [64]
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Figure 4.2: Experimental observation [points with error bars] and fitted equation
4.5 [continuous curve] for orientation angle dependence of multiple ionization of CO
under 100 keV He** impact. The dashed curve is sin 6 distribution, representing the
isotropic case.
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Table 4.2: Experimentally determined values of the asymmetry and anisotropy pa-
rameters, 51, f; and A parameters [64] for different degrees of ionization (n) of CO
under He?* impact at different incident energies (F).

E [keV] | n B4 Ba A
100 2 0.000 + 0.008 —0.278 £ 0.013 —0.224 £0.011
3 0.027 £ 0.011 —0.130 £ 0.016 —0.085 £ 0.013
4 0.225 £ 0.020 0.198 £ 0.027 0.224 +0.017
5 0.267 £ 0.032 0.747 £ 0.049 0.525 £ 0.023
200 2 —0.011£0.010 | —0.199 £ 0.015 —0.163 £0.013
3 —0.005+0.010 | —0.194 £0.016 —0.156 £ 0.014
4 0.287 +0.014 0.177 £ 0.018 0.232 4+ 0.011
5 0.415 + 0.041 0.822 + 0.052 0.583 £+ 0.023
300 2 —0.013 £+ 0.008 —0.184 +0.012 —0.152 +£0.011
3 0.007 £ 0.010 —0.159 £+ 0.015 —0.120 £ 0.013
4 0.274 4+ 0.018 0.194 4+ 0.023 0.238 +0.014
5 0.447 £ 0.039 0.798 £ 0.047 0.577 £ 0.020
400 2 0.007 4+ 0.010 —0.173 £0.014 —0.131 £ 0.012
3 0.023 £ 0.011 —0.117+£0.016 —0.077 £0.013
4 0.262 4+ 0.019 0.222 4+ 0.026 0.250 + 0.016
5 0.352 + 0.046 0.826 + 0.060 0.575 + 0.027
500 2 0.034 £ 0.008 —0.147 £ 0.012 —0.095 £ 0.010
3 0.032 £ 0.010 —0.066 + 0.015 —0.033 £ 0.012
4 0.244 4+ 0.020 0.267 4+ 0.026 0.271 £ 0.016
5 0.362 + 0.044 0.781 + 0.056 0.557 +0.025
700 2 0.035 4+ 0.008 —0.116 £ 0.012 —0.069 £+ 0.010
3 0.056 4 0.009 —0.002 £+ 0.014 —0.025 £+ 0.010
4 0.217 £ 0.020 0.311 £ 0.027 0.288 £ 0.016
5 0.233 £ 0.041 0.815 £ 0.054 0.551 £ 0.025
and defined as
A= a(0) — a(90) (4.6)
o(0) + o(90)
From equation 4.5, the parameter A can be written in terms of 1, 5 as
201 + 353, (4.7)
4+ 281 + By

We can see that the value of A parameter is based only on the values of the differen-
tial cross-section at two angles i.e. # = 0 and 6 = 90 degree, while, the S parameters
are based on the entire angular distribution. Kaliman et al. have presented the de-
pendence of A on the projectile energy for different degrees of ionization of Fa,

CO, and CO, under the impact of He?" ions, and the concluded that the observed
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Figure 4.3: Dependence of the parameter A on the projectile energy (lower scale)
and the interaction strength (upper scale). The upper scale is shown to enable a
comparison with the plots for g, 5y in Fig. 4.4.

anisotropy in the angular distribution is largely independent of the details of the
constituents of the molecule, and orientation effect is purely a geometric effect. We
have performed an experiment with He?*projectile at different energies. So the A
parameter is a better cross-check with the earlier reported theoretical work. In Fig.
4.3, we have plotted the values of A parameter against the projectile energy. For
any degree of ionization (n from 2 to 5 in our case), for our data the value of A
changes very slowly with the incident energy of the projectile. This dependence does
not agree with the predictions of the Kaliman et al. model. In their calculation for
n = 4, for instance, the orientation parameter decreases sharply (for example in
their results A changes approximately from 0.6 to 0.2) with an increase in projectile
energy. In our observation, the value of A does not change much over the entire
energy range span.

The dependence of the asymmetry parameter 5; and the anisotropy parameter
P on the interaction strength (k = q/v) of the projectile is shown in Fig. 4.4. The
trend is similar to earlier works [74, 72, 73]. We can see that for higher degrees of
ionization, the anisotropy parameter (s, is large and positive, and for low degrees
of ionization, it is small and negative. The negative values of 35 correspond to the
case when the differential cross-section is larger at 6 = /2 compared to its value at

6 = 0. This implies that the ionization cross-section is larger for the perpendicular
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Figure 4.4: Variation of the anisotropy parameter Sy and asymmetry parameter [,
with the interaction strength k of the proejctile. The smooth chain curves are shown
to guide the eye.

orientation of the molecule to the incident ion beam. For the perpendicular orien-
tation of the molecule, there will be no forward-backward asymmetry. The values
of asymmetry parameter [; are nearly zero for low degrees of ionization i.e. when
the values of By are negative. The high positive values of 5, imply that the ioniza-
tion predominantly occurs when the molecule is oriented parallel to the incident ion
beam, and forward-backward asymmetry is expected for a heteronuclear molecule.
The values of asymmetry parameters are positive and nonzero for positive values of
(2. For interaction strengths around k£ = 1.4 the values of 3; exhibits a clear maxi-
mum for n = 4,5 and a weak minimum for n = 2, 3. In the earlier chapter, we have
seen that for a given degree of ionization, the values of asymmetry and anisotropy

parameters decreases with an increase in projectile energy. In the present experi-
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ment, projectiles chosen span a range of interaction strengths from the strong to the
perturbative regime. In Fig. 4.4, we can notice a decreasing behavior in the values

of beta parameters when we go to the perturbative regime.

4.1.3 Vanishing of anisotropy for a certain degree of ioniza-
tion

As discussed in the previous chapter, the Wohrer and Watson [58] model suggests
that the perpendicular orientation is favorable for a low degree of ionization, and the
parallel orientation is more favorable for a high degree of ionization. This implies
that the value of parameter A will be slightly less than zero for a low degree and
highly positive for a high degree of ionization of the target molecule. In Fig. 4.5, we
have shown the dependence of parameter A on the degree of ionization for different
projectile energies. As we can see that the value of A flips sign at some hypothetical
value of n, which we call ngip,. The ng;, may not be an integer and hence not a
direct observable. For a given projectile or a fixed interaction strength, the sign of
A would flip when going from a certain degree of ionization (< ngi,) to the next
higher degree of ionization (> ngip). This interpretation matches the trend of the
model of Caraby et al. [62] for CO, in which the anisotropy is seen to flip sign in
going from n = 3 to n = 4. This variation is very similar to the variation predicted

by the Kaliman et al. model for Ny, in which a sign of A is seen to flip around n = 3.
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Figure 4.5: Dependence of the parameter A, on the degree of ionization (n) of CO
molecule under He?™ impact at different energies.
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The ng;p is called as npi, by Kaliman et al. and they state it as “the minimal
value of n for which we may expect the anisotropy” However, we can see that
this is not the minimum values instead this value represents the sign change of
anisotropy parameter. We examine the trend in the value of ng;, as a function of
projectile interaction strength using the formula provided by Kaliman et al.. For the
perturbative regime, i.e. for k < 1, that model gives ng;, ~ (6a%v/R.)'/? where a is
an effective principal quantum number and R, is a size parameter of the molecule;
for a diatomic molecule, we take this to be the internuclear distance. For the CO
molecule the model gives a ~ 2.7 and R, = 2.13 a.u., hence ng;, ~ 2.7 (kq)'/®. In the
regime of strong interaction (k > 1), the model gives the value of ng;, approximately

as 2ak/R., hence ngi, ~ 2.5k for k > 1.

5.5
5.0
45
4.0
£ 35
30 observed range
25
2.0

15 \ \ \ \ \ \ \
0.8 1.0 1.2 14 1.6 1.8 2.0
interaction strength (k)

Figure 4.6: The variation of the values of the degree of ionization ng;, for which
the the sign of A flips. Solid curves are based on the formulae from Kaliman et al.
model [64] for the strong and the perturbative regimes. Chain lines indicate the
range within which the observed values of ng;, lie in our experiment.

Since the k parameter or k£ = 1 does not define a sharp transition from one regime
to the other, we have calculated the value of ng;, using the two separate formulae
for a comparison with our results in the range 0.76 < k < 2.0. The predicted values
of ng;, for He?* at different energies and the range of values of ngip extracted from
our observations are plotted in Fig. 4.6. We infer that for intermediate interaction
strengths, anisotropy nearly vanishes for n ~ 3. As we can see the values of ng;,
increases when go to strong interaction regime or towards the perturbative regime.

A large value of ng;, represents that the change in sign of anisotropy parameter will
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be at a higher degree of ionization.

4.2 CO molecule under Xe’" impact

To study the orientation effect in strong interaction regime, the experiment was
carried out with a Xe?" beam at different energy such that the interaction strength
lies in the strong interaction regime (k > 1). The projectile energy, velocity, and

interaction strength (¢/v) are tabulated in Table 4.3

Energy (keV) Velocity (au) Interaction
strength (k)

450 0.37 24.12

1170 0.60 14.96

2070 0.79 11.25

3258 1.00 9.00

Table 4.3: Energy, velocity and interaction strength for Xe®" beam

4.2.1 Dissociation channels

The time of flight coincidence map for CO fragmentation under 450 keV Xe?* impact
is shown in Fig. 4.7. The time of flight coincidence is map is very dense and upto
six-fold degree of ionization is observed at all incident energies. The dissociation

channels that are observed for various degrees of ionization are

CoO*™ — Ctr+07" (4.8)
CO’* — C* 4+0F, Ct+ 02" (4.9)
CO*™ — C* 4+ 0%, C** + 0", ¢t + 0% (4.10)
CO™™ — C* 402, C* 4+ 0% (4.11)
CO%" — ¥ 403 (4.12)

4.2.2 Orientation effect for CO under Xe’" impact

The observed and the fitted angular distribution for multiple ionization of CO for

450 keV Xe?t (k ~ 24) is shown in Fig. 4.8. The distribution is isotropic for all
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Figure 4.7: Time of fight coincidence map for CO under 450 keV Xe?" impact.
Different islands corresponds to different dissociation pathways.

the degrees of ionization. The asymmetry and anisotropy are approximately zero.
As discussed earlier, a projectile with a large k can transfer the same energy at a
large impact parameter as a projectile with a small £ at a small impact parameter.
The orientation effect is expected to be strong at small impact parameters since
the details of the electron cloud are ‘seen’ by the projectile. For impact parameters
larger than the size of the molecule, the orientation effect would be weak, since the
projectile no longer ‘sees’ the detailed structure of the molecule; the electron cloud

appears to be nearly spherical.

4.3 Summary

In this chapter, we have discussed the orientation dependence in multiple ionization
of CO molecule in the intermediate and strong interaction regimes. In the inter-

mediate interaction regime, we find that over the entire range of the interaction
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strength, the anisotropy is strong for the high degree (n > 4) of ionization and weak
for the low degree (n < 3) of ionization. A simple geometric argument that when
the cross-section is higher for perpendicular orientation, there should be little (ap-
prox zero) forward-backward asymmetry in the distribution is also verified. When
the anisotropy parameter has a positive value, implying that implies that ioniza-
tion predominantly occurs when the molecule is oriented parallel to the beam, and
forward-backward asymmetry is expected for a heteronuclear molecule. This can
be verified with for n > 4 degree of ionization or the results reported in the earlier
chapter where (5, and (3, are positive under the perturbative regime. As shown in
Fig. 4.4, the anisotropy and asymmetry parameters show maxima around k = 1.4
and decrease as one goes to the perturbative regime or strong interaction regime. In
the earlier chapter, we have discussed the orientation effect under the perturbative
regime. With an increase in projectile energy or when k£ < 1, the orientation effect
decreases. For strong interaction regime, the orientation dependence in multiple
ionization of CO molecule was studied under Xe®* impact such that £ > 1. The

observed angular distribution was isotropic for all degrees of ionization.



Chapter 5

Orientation effect for triatomic

molecule OCS

In the last two chapters, we have discussed the interaction strength dependence of
orientation effect in multiple ionization of a diatomic molecule CO. We saw that the
orientation effect is not purely a geometric effect but depends on the constituents of
the molecule too. The experimental determination of the orientation of the molecule
in ionization by charged particle impact exploits the fact that the dissociation prod-
ucts of a diatomic molecule will depart back-to-back along the internuclear axis
of the molecule because of linear momentum conservation. The orientation of the
molecule is determined from the directions of the momentum vectors of one or both
fragment ions. For molecules with differing bond lengths, the longer molecule is
likely to show greater asymmetry and anisotropy in the angular distributions of the
fragment ions. For this, we choose a triatomic molecule OCS to further extend
our study of orientation effect in ion-molecule collisions. For a triatomic molecule,
the orientation of the molecule can be determined easily if only one bond is bro-
ken (i.e. two-body fragmentation). The orientation can be determined from the
emission angle of one of the fragment ions as in the case of a diatomic molecule.
But for a three-body breakup, measurement of the fragment emission angle alone
is insufficient, because there could be a step-by-step or simultaneous breaking of
the two bonds (sequential and concerted fragmentation). The mixing of these two
channels makes it challenging to determine the orientation angle of the molecule.

Even for a pure concerted channel, the direction of the momentum vector is not a

63
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direct measure of the initial orientation because the angle between the asymptotic
momentum vectors of the fragments is different from the initial bond angles of the
molecule because of the repulsion between each pair of fragment ions. Zero-point
vibrational excitations which give rise to a distribution of bond angles even in the
ground electronic state of a triatomic molecule further alter the asymptotic frag-
ment momentum distributions. In continuation of the previous work for diatomic
molecule, this chapter deals with the study of interaction strength dependence of

orientation effect in multiple ionization of a triatomic molecule OCS.

5.1 OCS molecule

OCS is a linear triatomic molecule with a linear dimension of 272 pm and a molecular
mass of 60 amu. Both the oxygen atom and the sulfur atom are more electronegative
than the central carbon atom. OCS molecule has a small net dipole moment of 0.714
Debye.

For a triatomic molecule, the main focus of earlier works has been on the sep-
aration of dissociation pathways [38, 96-102] and the question of the orientation
dependence of multiple ionization is not addressed much. The orientation effect
in photoionization and strong-field ionization has been addressed in various studies
[103-105]. Under photon or laser impact, the polarization of the external field of-
fers a natural direction relative to which angular distributions of the fragment ions
or electrons are measured. The measurements of angular distributions of photo-
electrons in the molecular reference frame have usually relied on processes in which
ionization is followed by fragmentation. Holmegaard [106] studied the angular distri-
bution of photoelectrons from OCS and showed that the orientation dependence of
the ionization process causes an asymmetry in the angular distribution of photoelec-
trons. Sakemi et al. [107] studied the two-body dissociation of OCS™ brought about
by elliptically polarised laser pulses and showed the asymmetry in the fragmentation
pathways. Here, we will look at the orientation effect in multiple ionization of OCS

in ion-molecule collisions.
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5.2 Experimental results

The experiment was carried out with p* and C?* projectiles at different energy so

as to access the perturbative regime (k < 1) and strong interaction regime (k > 1).

The projectile energy, velocity, and interaction strength are tabulated in Table 5.1

Projectile Energy (keV) Velocity (au) Interaction
strength (k)

pt 20 1.42 0.74

C2r 20 0.41 4.87

Table 5.1: Energy, velocity and interaction strength for p™ and C?* projectiles

5.2.1 Dissociation channels

When a molecule breaks into two fragments, the linear momentum of the two frag-

ments are equal and opposite.

The time of flight of the two fragments is anti-

correlated and an island appears in the time of flight coincidence map. The shape of

the island will be a narrow bar with a negative slope depending on the charge states

of the fragments ions. The time of flight coincidence map for first and second ion

from the dissociation of OCS molecule is shown in the lower panel of Fig 5.1. The

two-body dissociation channels that are observed for multiply ionized OCS molecule

are:

0CS**
0Cs*t

— Ot +CS*

— OC* + 8+

OCS** — OC* +8%F

For a triatomic molecule like OCS, depending on the charge state and stability

of parent molecular ions, there can be three body dissociation. The three body

dissociation channel that is observed for triply ionized OCS molecule is:

0OCS*™ - Ot + ¢t + 87

(5.4)

The signature of high degree of ionization of OCS molecule (correlation between

C?*T:0™ and C?T:S™) can also be seen in the time of flight coincidence map. But the
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Figure 5.1: Time of flight coincidence map for OCS fragmentation under 50 keV p*
impact. Different islands correspond to different dissociation pathways.
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counts are not enough for the analysis. In the chapter, we will discuss the orientation

effect in double and triple ionization of OCS.

5.3 Orientation effect for two body breakup

As discussed earlier, the measurement of the orientation of the molecule is straight-
forward for two-body dissociation. The momentum vector of one of the fragment
ions can be used to calculate the orientation of the molecule with respect to the
incident beam. In this section, we will discuss the orientation effect for doubly and
triply ionized OCS molecule dissociating into two fragment ions. The angular dis-
tribution of one of the fragments ion (eg. OC™T for OC*T:S* and O* for OT:CS™) is
fitted to equation 5.5 and the values of asymmetry and anisotropy parameters are
obtained.

N(0) =~ Ny|1+ B1Pi(cosf) + BoPa(cosb)| sinb (5.5)

5.3.1 OCS**

In Fig. 5.2, the angular distributions of one of the fragment ion from the dissoci-
ation of OCS?T to OC*:ST and OT:CS* are shown for p™ and C?* impact. The
experimentally observed values of anisotropy and asymmetry parameters are listed

in Table 5.2.

Projectild Fragment | (5, o))
ion

pt OoC* 0 —0.15
(OXs 0 —0.20

[ OoC* 0 —0.16
(OXs 0 —0.18

Table 5.2: The value of asymmetry and anisotropy parameters for two body disso-
ciation of OCS?** under p* and C?T impact

The angular distribution shows maxima at 90 degrees and the value of the
anisotropy parameter (5 is negative. It implies the enhancement in the ionization
probability for perpendicular orientation of the molecule. The angular distributions
of fragment ions are symmetric and the observed values of asymmetry parameter [3;

are zero for both the projectiles.



68

p+ c2+
6000 T T T T T 000 T T T T T
OC* + 8t OC* +S*
4000 [ 42000 [ .
=2000 | 41000 [ 1
S )
fo) © e
= —e— QCt —e—QC*
2 0 e T e
>
g Ot +CSt O* +CS*
2600 1
= 400 1
400 .
200 200 .
—e—iQt ° —e—iQ*t
O 1 1 1 1 1 O 1 1 1 1 1

0 30 60 90 120 150 180 0 30 60 90 120 150 18C

Angle [deg] Angle [deg]

Figure 5.2: Angular distribution of fragments from dissociation of OCS?** to
OCT+S* and OT+CS™ channels. (Left): for p™ impact, (Right): for C** impact.
Black curve represents the isotropic distribution and continuous cure is the fitted
function (equation 5.5 ).

5.3.2 0OCS*t

In Fig. 5.3, the angular distributions of the fragments ion OC™ for dissociation
channel OC*:S?* are shown. The observed values of the anisotropy and asymmetry

parameters are listed in Table 5.3.

Projectild Fragment | (3; B2

ion
pt OoC* 0 0.24
C?r oC* 0 -0.23

Table 5.3: The value of asymmetry and anisotropy parameters for dissociation of
OCS?** to OCT:S%* under p*™ and C?* impact

The angular distribution of the fragment ions is symmetric with 5; ~ 0 for both
projectiles. The distribution shows a very weak anisotropy for both the projectiles.
It is clear from Table 5.3, the sign of anisotropy parameter is positive for p* impact:
by =~ 0.24, and negative for carbon impact fs ~ —0.23. A positive value of s
implies an enhancement in the ionization cross-section for parallel orientation and
a negative value of 5 implies an enhancement of the ionization cross-section for

the perpendicular orientation of the molecule with respect to the incident projectile.
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This is in agreement with our study of diatomic molecule CO and with the earlier
works [108, 72| for diatomic molecules: for a given degree of ionization, 5 changes
sign from positive to negative as the projectile interaction strength ¢/v increases [64,
74]. For p' impact, the value of the anisotropy parameter is negative for OCS**
and positive for OCS3*. This effect is also similar to what is observed for diatomic
molecules: with an increase in the degree of ionization, anisotropy increases. For
projectile with high interaction strength, the change in (5 values from negative to
positive occurs at higher degrees of ionization. For doubly and triply ionized OCS,

the anisotropy parameters are negative for C** impact.
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Figure 5.3: Angular distribution of fragments from dissociation of OCS3* to
OCT+S?T. (Left): for p™ impact, (Right): for C** impact.

5.4 Three body dissociation

The following channels are possible for the three-body fragmentation of OCS?T,
with equal sharing of charge between the three fragments. Apart from the concerted
fragmentation, two sequential fragmentation channels are possible. The concerted
fragmentation is a one-step process where all the bonds break simultaneously. The
sequential fragmentation is a two-step process where one of the bonds breaks first
leaving behind an ion and molecular dication. The intermediate molecular dication
can rotate and dissociate after some time. The concerted and sequential channels

for dissociation of OCS3T are
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0CS* — OT 4+ CF 4 St (5.6)
OCS** — OC** +87 - 0" +C" + 8T (5.7)
0CS*" — 0" +CS** — O +CF + 8+ (5.8)

An exact separation of concerted and sequential channels is not possible. The
experimentally measured parameters are the momentum vector of the fragment ions,
but the fragment could be from a concerted channel or sequential channel. The
mixing of the concerted and sequential pathways makes it challenging to determine
the orientation angle of the molecule from the momentum vector of one of the
fragment ions. In the next section, very well known and widely used methods of
visualization of a three-body breakup are discussed. These methods are used to

distinguish between dissociation pathways for the three-body breakup.

5.4.1 Newton diagram and Dalitz plot

For the three-body breakup process, a visual impression of the distribution of events
can be obtained by the use of a Dalitz plot or a Newton diagram. In the Dalitz plot,
the correlated KE after normalization to the total KER of three fragments are

transformed to Cartesian coordinates x and y given by

Eo+ — Eg+
r=——"

5.9
Neioh (5.9)
Eov 1
— - 5.10
Y="E T3 (5.10)

where E}, is the total kinetic energy release. Each point in the Dalitz plot corresponds
to a specific fragmentation pattern. In Fig. 5.4, the Dalitz plots for the fragmentation
of OCS?** in under of p*t and C?* impact are shown. The intense area in the plot,
located away from and above the point (0.1, —0.3) represents the pure Coulombic
explosion and linear dissociation of the molecule. The asymmetric cross structure
corresponds to sequential breakup. It is clear from the plots that the sequential
fragmentation channels are quite weak and, more likely in the case of C** impact

than for p* impact. The leftward propensity of the distribution is on account of the
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Figure 5.4: Dalitz plots for three-body fragmentation of OCS3* for p* and C?* im-
pact. The false colour scale represents the square-root of the counts in the bin. The
high intensity region away from(0.1, —0.3) corresponds to concerted fragmentation,
while the rest of the events falling roughly around an asymmetric cross structure,
are from sequential fragmentation.

asymmetry of the masses of O™ and S*.

The Newton diagram for three-body dissociation is shown in Fig. 5.5. We have
taken the direction of the normalised O" momentum to be the reference direction
and the relative momentum of C* and S* are plotted in upper and lower quadrant
respectively. The two major intense lobes correspond to the concerted pathways.
The signature of sequential pathways for which the intermediate molecular ion can
rotate and dissociate can be seen as the circular structure in the diagram. This
diagram can be used to calculate the molecular geometry and angular correlation
between the fragment ions.

These methods are provide an effective visual representation of the data but the
exact separation of the dissociation pathways is not possible. No methods are avail-
able to separate events arising from the three channels based on a single parameter.
The mixing of these pathways makes the measurement of the orientation angle of
the molecule very difficult. Even for a pure concerted channel, the Coulombic repul-
sion between the fragments alters the measurement of the actual bond angle of the

molecule and so does the measurement of the orientation angle. In the next section,
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Figure 5.5: Newton diagram for three-body fragmentation of OCS** for p* and C?*
impact. The false colour scale represents the square-root of the counts in the bin.
C* and ST momentum distribution are plotted in upper and lower quadrant. The
high intensity region corresponds to the concerted and circular structure corresponds
to sequential pathways.

the angular correlation between outer fragment ions is discussed.

5.5 Angular correlation between fragments

In its ground vibrational state, the most probable bond angle of neutral OCS is
175°. Zero-point vibrational excitations give rise to a distribution of bond angles
in the ground electronic state and the probability of the bond angle being 180° is
zero. So, when the triply ionized OCS molecule undergoes concerted fragmentation,
where all the bonds break simultaneously, the terminal ions do not depart back-to-
back. The initial Coulomb repulsion between the ionic fragments alters the final
asymptotic angle between their momentum vectors. Within the framework of the
simple Coulomb explosion model of three charged particles departing apart, the
asymptotic angle between the momentum vectors of the terminal ions O™ and S*
can be calculated for a given initial bond angle. This angle will be smaller than
the actual bond angle of the molecule, which is observed in our case too. The
experimentally observed angular distributions between the terminal fragment ions

are shown in Fig. 5.6.
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Figure 5.6: Distribution of the asymptotic angle between O and ST momentum
vectors for the case of p* and C?>* impact. The smooth curve is a cubic spline
intended to guide the eye.

The distribution peaks at 165° for p* impact and at 162° for C** impact with
a long tail for both the projectiles. This peak value is smaller than the most prob-
able bond angle of the OCS molecule. Using the simple Coulomb explosion model,
we can map the asymptotic angle between the terminal fragments to the initial
bond angles. For a concerted process, all the bonds break simultaneously and for
a sequential process, the intermediate molecular ion can rotate and dissociate after
some time leading to a nearly unrestricted distribution of the O:S* angle. A rough
separation of concerted and sequential channels can be made from angular distri-
bution of terminal fragment ions. Based on the simple Coulomb explosion model
and earlier studies [109], we may regard all events with the O":ST angle falling
in the range 180°-150° as arising from concerted fragmentation of OCS?**. Any
asymptotic O":ST angle smaller than this must arise from sequential events. For
sequential channels, the orientation effect can be examined by measuring the angle
between the first fragment ion and incident projectile. But our data statistics are

too low to permit analysis for these channels.
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5.6 Orientation effect for three body breakup: OCS?3*

We have discussed the two major challenges for estimating the orientation angle of
the molecule for three-body breakup. The first one is the mixing of concerted and
sequential dissociation pathways. The second one is the bond angle distribution in
the ground electronic state of the molecule, which results in the asymptotic angular
distribution to be different than the actual bond angle of the molecule. It is clear
from Fig. 5.6 that both of these challenges can be addressed in one diagram.

For concerted fragmentation, for which the asymptotic O*:ST angles lie in the
range 180°-150°, the orientation dependence of triple ionization may be discerned
by merely observing the angular distribution of the terminal fragments ions with
respect to the projectile direction. Compared to terminal ions, the central C* ion
will always have a small momentum, and hence the determination of the orientation
dependence has to rely on the terminal ions. In Fig. 5.7, we show a two-dimensional
plot of the triple ionization and fragmentation of OCS molecule as a function of the
emission angle of the terminal fragment ions and the asymptotic O1:ST angle. As
expected, the distributions of Ot and S* are complementary to each other. If ST
ions are emitted in the forward direction (along the projectile i.e. § < 90°), the O
ions are emitted in the backward direction.

The two-dimensional plots between the asymptotic OT:S* angles and the angle
of emission of any one of the terminal fragments with respect to the projectile
direction are shown in Fig. 5.7 for both the projectiles, p* and C?*. Since in the
case of OCS3* triple fragmentation is a necessary consequence of triple ionization,
the plots in Fig. 5.7 give us a direct impression of the anisotropy and asymmetry in
the triple ionization of OCS molecule. For p* impact, there is a small asymmetry as
well as anisotropy in the distribution. For C** impact, there is no forward-backward
asymmetry in the angular distribution of either of terminal ions. The distribution
is nearly isotropic with a slightly enhanced probability at 90°. In other words, for
p" impact, the orientation in which the O atom point towards the projectile (i.e.
6 > 90°) or, equivalently, when the S atom along the projectile, is the favored
orientation for the triple ionization.

The asymmetry and anisotropy parameters, 5; and [,, for the orientation de-

pendence of triple ionization are calculated by fitting the equation 5.5 to the data
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Figure 5.7: The distribution of angle of emission (relative to the projectile) of the
two terminal ions as a function of the asymptotic angle between them in three-body
fragmentation of OCS3*. The false colour scale represents the square-root of the
counts in the bin. The counts scale in each colour map is individually normalised
to the maximum counts. The intense region (Angle O : ST > 150°) corresponds to
concerted fragmentation. The forward—backward asymmetry in the fragmentation
w.r.t. the projectile is readily seen for p™ impact.

for OT:S* angle integrated over the range 180°~150°. The values of asymmetry and

anisotropy parameters are shown in Table 5.4.

Projectile | Fragment 51 Ba

p* O+ —0.21] 0.47
St 0.21 0.40

[ ot —0.08 | —0.41
St 0.11 —0.47

Table 5.4: The value of asymmetry and anisotropy parameters for angular distribu-
tion of fragments from dissociation of OCS?** under p™ and C?* impact

The value of the anisotropy parameter 35 is higher and more positive for p™
impact as compared to C** impact. It implies that ionization probability is higher
for the parallel orientation than perpendicular orientation of the molecules. For
parallel orientation, the asymmetry parameter is expected to be non-zero. It is
clear from the angular distribution of O* and S* that ionization probability is high

for the orientation in which the oxygen atom points towards the projectile. For
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C?** impact, a high negative value of the anisotropy parameter indicates a higher
ionization probability for the perpendicular orientation of the molecule, and thus
in this case no forward-backward asymmetry can be expected. It is clear from the
Table 5.4 that the values of the asymmetry parameters for Ot and ST are indeed

very small.

5.7 Summary

In this chapter, we have discussed the orientation effect in multiple ionization of a tri-
atomic molecule OCS under p™ impact (¢/v = 0.7) and C*T impact (q/v = 4.9). For
a two-body breakup, the measurement of the orientation angle is straightforward.
The angular distribution of one of the fragment ions can be used to determine the
orientation of the molecule with respect to the projectile beam. Under p™ impact,
the anisotropy parameter 5 changes sign from negative to positive with an increase
in the degree of ionization. Under C** impact, the anisotropy parameter is negative
for both cases. For a three-body breakup, we have discussed the challenges for es-
timating the orientation of the molecule. By examining the angular distribution of
the terminal ions (O" and ST) as a function of the angle between their asymptotic
momentum vectors, we are able to obtain the anisotropy and asymmetry parameters
for the orientation dependence of triple ionization (three-body breakup). A strong
anisotropy is observed in the angular distributions for p* impact compared to C?*
impact. This dependence of the anisotropy parameter on the projectile interaction
strength is similar to that observed in diatomic molecules i.e. for higher interaction
strengths the anisotropy is weaker. For p™ impact, experimental results show that
the ionization probability is higher when the oxygen atom point towards the pro-
jectile. For C** impact, the triple ionization probability is higher for perpendicular
orientation of the molecule. The anisotropy as well as asymmetry are greater for
triple ionization than for double ionization. In the case of pt impact, there is a
forward-backward asymmetry in the angular distribution of the terminal fragments

ions while in the case of C?* impact the distribution is symmetric.



Chapter 6

Summary and outlook

6.1 Summary of the current work

In ion—molecule collisions, based on the anisotropy of the electron distribution in the
molecule, the probability of multiple ionization of a molecule is expected to depend
on the orientation of the molecule with respect to the incident ion beam. The main
focus of the present work has been on the study of interaction strength dependence
of the orientation effect in multiple ionization of the diatomic molecule CO and the
triatomic molecule OCS under charged particle impact. This dependence has widely
been studied, starting as early as 1935 for the simplest Hy molecule and in the last 20
years for more complex molecules: Ny, Oy, and CO. No distinctions had been made
between homonuclear and heteronuclear molecules, and the orientation dependence
has been attributed purely to the geometry of the molecule. The orientation effect
also depends on the interaction strength of the projectile which is parameterized by
the ratio of ¢ (charge of the projectile) to v (velocity of the projectile) in atomic
units.

In this work, the orientation dependence of ionization for diatomic molecule CO
and triatomic molecule OCS resulting from collisions with a variety of ion beams,
e.g. pt, He**, C**, and Xet is discussed. The main purpose of using different types
of projectile is to systematically study the dependence of orientation effect on the
interaction strength of the projectile. All of the experiments were performed at the
Low Energy Ion Beam Facility at the Inter-University Accelerator Center (IUAC)

New Delhi, India, and the experimental setup used for this study was a Recoil Ton

7
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Momentum Spectrometer.

For heteronuclear diatomic molecule CO, spatial anisotropy accompanied by a
forward-backward asymmetry in the multiple ionization cross-sections with respect
to the projectile direction is observed and quantified. We find that over the entire
range of the interaction strengths the anisotropy is strong for a high degree of ion-
ization and weak for a low degree of ionization. We further show that the difference
in the nature of the two atoms in the case of CO gives rise to an asymmetry in
the ionization process which was missing in the earlier studies. A higher degree of
ionization is likely to be achieved in the collision when the projectile first encounters
the oxygen atom rather than the carbon atom. Thus, the orientation effect is not
purely a geometric effect but depends on the atomic species in the molecule also.

The orientation dependence is studied in perturbative, intermediate, and strong
interaction regime. We show that the orientation effect depends on the interaction
strength (k = q/v) of the projectile. If one goes to the perturbative regime (k < 1) or
strong interaction regime (k > 1), orientation effect decreases. A model calculation
is performed for obtaining the orientation-dependent ionization probability for a
diatomic molecule subject to charged particle impact in the perturbative regime.
The trajectory of the projectile is taken to be hyperbolic with a distance of closest
approach that depends on the orientation of the molecule. The interaction between
projectile and the two atoms of the molecule is considered separately under the
independent electron approximation. The heteronuclear nature of the molecule is
accounted for by treating the ionization radius and the single ionization probability
to be different for the two atoms. Calculated orientation angle-dependent multiple
ionization probabilities agree fairly well with the experimental results on the CO
molecule. We show that modification to the straight-line trajectory is needed to
bring the asymmetry parameter in the calculation.

In continuation of the orientation dependence ionization study in the case of a di-
atomic molecule CO, we extend our study to triatomic molecule OCS. For molecules
with differing bond lengths, the longer molecule is likely to show greater asymmetry
and anisotropy in the angular distributions of the fragment ions. But, for OCS,
it is difficult to determine the orientation of the molecule with respect to the ion

beam because of additional degrees of freedom. For two-body dissociation, the mea-
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surement of the orientation angle is simple as in the case of a diatomic molecule.
But, for three-body dissociation additional difficulties arise due to the mixing of
sequential and concerted channels and the fact that the bond angle in the ground
state has a distribution. The angle between the asymptotic momentum vectors of
the fragments (which can be measured) is different from the initial bond angles of
the molecule because of the repulsion between each pair of fragment ions, and zero-
point vibrational excitations which give rise to a distribution of bond angles even
in the ground electronic state of a triatomic molecule further alter the asymptotic
fragment momentum distributions. By examining the angular distribution of the
terminal ions (O1 and ST ) with respect to the projectile as a function of the angle
between their asymptotic momentum vectors, we are able to obtain the anisotropy
and asymmetry parameters for the orientation dependence of triple ionization. This
dependence of the orientation effect on the projectile interaction strength is similar
to that for diatomic molecules i.e. for higher interaction strengths the anisotropy
is weaker. Greater anisotropy is observed for p™ impact compared to C?* impact.
For p™ impact, experimental results show that the triple ionization probability is
higher when the projectile is faced with an oxygen atom. For C** impact, the triple

ionization probability is higher for perpendicular orientation of the molecule.

6.2 Outlook

In this work, we have presented the study of orientation effect in multiple ionization
of a diatomic molecule CO and triatomic molecule OCS. The effect of projectile
interaction strength is studied systematically. Following this work, one can proceed
in three major directions as follows:

1. The perturbative regime can be attained for highly charged (¢ > 1) and
highly energetic (v > 1) projectile such that k& < 1. For ¢ > 1, there will be
charge exchange processes and orientation effects in those will be more interesting,
and perhaps stronger. It will be interesting to look at the orientation dependence
in multiple ionization of diatomic molecule under such projectile and compare the
results with those presented in this work. We will be able to answer the dependence

of orientation effect on charge state of the projectile under perturbative regime.
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2. For the perturbative regime, a semiclassical model is presented. The ap-
plicability of the model is checked with earlier studies. While this model makes
reasonable predictions about orientation-dependent anisotropy and asymmetry, it is
a simple empirical model with a crude approximation of the trajectories. One can
look into the modification of the trajectory. The ionization radius r calculated using
Slater formula is found to affect the results strongly. For higher degrees of ionization
we have taken the mean of k-shell and [-shell radius. A better and efficient approach
can be used to estimate the ionization radius r.

3. For a three-body breakup of triatomic molecule OCS, quantifying the ori-
entation effect is very difficult. By using a new representation, we can obtain the
anisotropy and asymmetry parameters. A theoretical approach can be used to pre-
dict the angular distribution between terminal fragments ions and compare with
experimental observations. That will be more helpful to determine the orientation
angle of the molecule. For a more complex molecule, where the dissociation products
are three or more than that, the situation will be more complex. It will be interesting
to study the orientation effect for those molecules under the perturbative regime.

This work is focused on the total ionization of the molecule. For a given degree
of ionization, all the dissociation channels are added. It will be interesting to study
the orientation effect on individual dissociation channels. One would be able to
answer the question that can the orientation of the molecule be used to dissociate
into a particular channel? This type of study will be useful in surface chemistry,

stereochemistry, selective bond breaking etc.
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