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ABSTRACT

The interaction of intense electric fields with clusters has been an active area of
research following the observation of the first laser-induced Coulomb explosion of a
cluster in 1994. The research reported in this dissertation focuses on the strong-field
ionization behavior of small clusters composed of early transition metals, carbon, and
oxygen. Specifically, several Group IV, V, and VI transition metals have been bonded
either with themselves or in combination with sufficient oxygen or carbon atoms to form
a variety of small (fewer than 40 atoms) cluster species. Following the ionization of
these clusters via ultrashort laser pulses, observations are made regarding the ion
products, their energies, and the mechanisms which led to their creation. Time-of-flight
mass spectrometry is used to obtain data on the resulting species.
A general overview of laser-matter interactions and strong-field ionization is
provided in Chapter 1. The experimental apparati, including a colliding-pulse, modelocked dye laser, a laser ablation cluster source, and a reflectron time-of-flight mass
spectrometer, are described in Chapter 2. In Chapter 3, strong-field ionization studies of
transition metal (Ti, V, Cr, Nb, or Ta) oxide clusters are presented. Trends relating the
reported ionization energies of the component atoms and the observed maximum charge
states of the ions are reported. Discussion is offered relating the observed ionization
behavior to the most commonly considered enhanced ionization mechanisms from the
literature. The results of the strong-field ionization of pure transition metal clusters are
then reported in Chapter 4 and this data is compared to that obtained for the transition
metal oxide species. The maximum ionization states for the metal atoms in both the
homo- and heteronuclear systems were identical and the ramifications of this
phenomenon with regard to ionization dynamics are discussed.

Finally, Chapter 5

contains data and analysis of the strong-field ionization and subsequent Coulomb
explosion of transition metal carbide clusters. Remarkably, the maximum charge states
for each constituent transition metal atom in both types of heteronuclear system, as well
as the pure metal clusters, were identical following ultrashort laser ionization.
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Studies of these systems satisfy several specific goals in laser-induced Coulomb
explosion research. First, the theory regarding strong-field ionization of clusters in this
size regime is somewhat lacking, and the reported ionization mechanisms are complex
and not unambiguous. The additional information regarding experimental values for
maximum charge states with respect to not only cluster composition but also the ionizing
laser conditions should prove beneficial to the advancement of theoretical models. In that
same vein, studies of heteronuclear, covalently-bound clusters have never been reported
in the literature, and thus the information garnered from these experiments provides a
perspective as yet unavailable.

Further, by systematically controlling the elemental

composition of our cluster distributions, we have been able to observe trends in the
ionization behavior with respect to the overall cluster composition and its effects on the
individual atomic species contained with these species.
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Chapter 1

Introduction: Clusters and Laser-Matter Interactions

In 1994, the first experimental evidence of the laser-induced Coulomb explosion
of a cluster was obtained in the Castleman labs by Jeffrey Purnell, Eric Snyder, and S.
Wei [1]. Since that time, studies investigating the interaction of strong electric fields and
matter have evolved into a field of their own. The work contained in this thesis focuses
on the investigation of ionization and Coulomb explosion behaviors of small homo- and
heteronuclear transition metal clusters in strong optical fields. To date, the majority of
strong-field cluster work has been performed on systems characterized by metallic or van
der Waal’s bonding schemes. The experiments herein represent an initial foray into an as
yet unexplored region of laser-matter interactions, specifically those involving small
homo- and heteronuclear transition metal clusters. Past research has provided a wealth of
information regarding strong field science, and some of that which is well understood and
germane to this work is delineated in this introduction.

1.1 Clusters

Clusters are often described as the fifth state of matter. Studies of their properties
and applications date back to the mid-1800’s [2] and have continued to expand ever
since. They may be homo- or hetero-nuclear, composed of merely 2 atoms or possessing
nuclei numbering in the tens of thousands. Their constituent atoms may be held together
by van der Waal’s, covalent, hydrogen, ionic, or metallic bonding; their structures may be
well-defined or amorphous. The term “cluster” has been used in a wide variety of ways
to describe numerous species, and the semantic arguments regarding what actually
constitutes a cluster are manifold and unending. However, their usefulness in research,
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both pure and applied, is undeniable. They can possess the density of a solid and the
optical transparency of a gas. Techniques exist for rapidly creating clusters with a range
of sizes, compositions, and properties, making them irreplaceable in the laboratory,
where flexibility and reproducibility are always highly desirable.
In this work, discussion will primarily be limited to heterogeneous transition
metal clusters, specifically early (Groups IV, V, and VI) transition metals doped with
oxygen or carbon. One set of experiments was also focused on studies of homonuclear
niobium and tantalum clusters. Transition metal oxide and carbide systems have been
investigated for many years due to their role in the catalysis of a variety of chemical
reactions. Further, it has been demonstrated that the reactive sites for the bulk catalytic
materials can be modeled with clusters of specific size, shape, and composition, making
clusters an important tool in the development of better catalysts. As such, these cluster
systems have received a substantial amount of attention and many of the smaller (<20
atoms) clusters are well characterized. See Refs 3, 4 -7 for useful reviews.
Of the many unique characteristics possessed by transition metal clusters, perhaps
one of the most germane to this work is the open-shell electron nature of the species. The
multiple valence electrons which are a result of the incomplete d-shell in transition metals
lead to several interesting properties, one of which is the suppression of strong field
ionization rates [8]. Unlike noble metal clusters (noble metal atoms possess a full d10
shell), transition metal clusters do not typically display jellium shell closings in which the
combined valence electrons from each atom within the cluster interact to create virtual
shell closings which can enable the entire cluster to be treated as a large single atom [7].
Further, when clustered with oxygen or carbon atoms, transition metals form covalent
bonds within the cluster. The electronegativity of the companion oxygen and carbon
atoms dictates that many of the localized d-electrons of the transition metals will be
concentrated near the nonmetal species, creating polar covalent bonds. In the two nonsubstituted transition metal clusters discussed in this work, metallic bonding dominates.
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1.2 Atoms in Strong Electric Fields

With the creation of the first laser, scientists gained a tool which allowed them to
study the interactions between matter and energy (in the form of light) in an exciting new
manner. Einstein’s photoelectric effect could be controlled and manipulated in ways
never before possible. Future development of ultrashort laser pulses gave rise to studies
of matter interacting not only with photons with discrete quanta of energy, but with the
overall electric field created by an electromagnetic wave. In 1982, shortly after the
development of the first laser system capable of delivering sub-picosecond pulses of
light, it was discovered that intense, linearly polarized radiation impinging upon a gasphase system gave rise to a large population of multiply charged ions [9]. In the present
section, the basics of these strong-field interactions are reviewed with a focus on the
ionization behavior of atoms exposed to the strong electric fields created by ultrashort
laser pulses.
Given identical target species, various ionization mechanisms can dominate the
dynamics of a system. The prevailing process is directly related to the intensity of the
incident laser pulse and its corresponding electric field strength. Using the hydrogen
atom (ionization potential = 13.6eV) as a benchmark example, multiphoton ionization
(MPI) dominates at lower intensities (<1014 W/cm2) whereas over-the-barrier ionization
(OTBI) can only be reached when the electric field of the laser approaches relativistic
levels (>1018 W/cm2), with tunnel ionization (TI) being the main process at ranges
between those limits [10].

1.2.1 Multiphoton Ionization (MPI)

In its most simple definition, ionization is the process of creating an ion by the
addition or subtraction of an electron from a species. For the sake of clarity, this section
will only be referring to ionization in the sense of electron loss; i.e. the creation of cations
from a neutral species. Photoionization is the process by which an electron gains enough
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energy from a photon to surpass the attraction it feels to a nucleus and escape into the
vacuum. This attraction is commonly referred to as the system’s ionization potential (IP).
Multiphoton ionization, therefore, refers to a scenario in which multiple photons of
discrete energy are required to provide enough energy to ionize a system. MPI is a
nonlinear process, and thus it was not until the invention of the laser that observations of
this behavior were possible. In fact, the first experimental observations of multiphoton
excitation were published immediately after the invention of the laser [11], in 1961, and
the first MPI experiment followed soon after in 1965 [12]. This first MPI experiment
was performed by Voronov and Delone and involved the ionization of rare gas atoms.

1-1: Schematic of multiphoton ionization (MPI) (a) and above threshold ionization (ATI) (b).
The primary concept in understanding MPI is the relationship between photon
energy and ionization potential, which is depicted in Figure 1-1 (a).

Each photon

absorbed by the active electron adds a discrete amount of energy (hν) and when enough
photons (n) are simultaneously absorbed, the electron may be ionized out of a potential
well which required more energy than one photon alone could provide. Any absorbed
energy which exceeds that which was required for ionization is harvested as kinetic
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energy (KE); an incredibly useful phenomenon which is the basis for many spectroscopic
techniques including velocity map imaging, photoelectron spectroscopy, etc.

This

relationship is depicted in Equation 1-1,

.

1-1

Also shown in Figure 1-1(b) is the process which occurs specifically when an electron
absorbs more photons than necessary to escape the potential well; known as above
threshold ionization (ATI). In this scenario, Eqn. 1-1 changes slightly to the form KE =
(n+x)hν – IP, where x is the number of additional photons absorbed.

1.2.2 Tunneling Ionization (TI)

MPI is the dominating ionization process up to the point at which the strength of
the electric field associated with a laser pulse is large enough to be comparable to that of
the attractive forces felt between the electron and the nuclear core of an atom. The
discrete energies of each individual photon are no longer as significant as they are in
MPI. At these intensities, the laser’s electric field can lower the potential barrier for
ionization to the point at which an electron has a significant probability for tunneling
through the suppressed barrier and escaping the system. Specifically, tunneling refers to
a quantum mechanical phenomenon in which there is a finite probability that a particle
can exist in a state which is energetically inaccessible based on classical mechanics. This
process is referred to as tunneling ionization (TI) and it is a dominant mechanism
influencing the initial ionization events in the experiments described in this thesis.
Often, this concept is demonstrated using the particle-in-a-box model with walls
of finite thickness. Again, the tunneling phenomenon has no basis in classical physics
and is thus treated purely quantum mechanically, mainly because the wavefunction used
to describe an electron is pivotal in understanding the tunneling concept. Traditionally,
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the time-independent Schrödinger equation is used to define an electron wave-function
and its probability for existing beyond a classical energy barrier. Treatments such as this
may be found in most Physical Chemistry textbooks and thus are omitted here.

1-2: Schematic depicting MPI (for reference) (a) and the deformation of the electron potential well (b)
which can lead to tunnel ionization when the system is subjected to a strong static external electric field
(E). Rather than vertically escaping the potential well (as in MPI), the electron has a finite probability of
tunneling through the suppressed barrier and entering the continuum.
Tunneling probability is based on several factors, two of which are the mass of
the target particle and the thickness of the potential barrier. In the studies discussed in
this thesis, the particles involved in the tunneling events are electrons and thus the masses
being dealt with are sufficiently small enough to give an appreciable probability for
tunneling. Further, the external electric field provided by the incident laser pulse serves
the function of decreasing the thickness and height of the potential barrier, increasing the
probability of a tunneling event. The following explanation attempts to hybridize an
understanding of the classical behavior of an electric field influencing a charged particle
with the probability of a quantum mechanical tunneling phenomenon.
Consider the hydrogen atom, composed of one proton and one electron, with an
ionization potential (or electron binding energy) of 13.6eV. The value of this binding
energy stems primarily from the attractive Coulomb potential that exists between the
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positively charged nucleus and the negatively charged electron. In its most basic form,
the Coulomb potential between two particles can be described as the electric force (F)
between two charged particles based on the value of those charges (Q1, Q2) and the
distance between them, d,

.

1-2

The resistance to this force as a result of the surrounding environment is accounted for
via the Coulomb’s Law constant, k, which has a value of 9.0x109 Nm-2 in air.
Upon reaching an intensity at which the electric field of a laser pulse becomes
substantial enough to influence the path of an electron, the initial probability distribution
for that electron is altered. This phenomenon is known as a Stark shift and it is the
complementary mechanism to the Zeeman shift associated with external influences from
a magnetic field. By shifting its position the electron probability density is thus localized
either closer to or further from the relatively unaffected, significantly more massive
nucleus (reminiscent of the Born-Oppenheimer approximation). The Stark shift thus
represents a change in the value of the Coulomb potential between the two which alters
the amount of energy necessary to ionize the electron.
Returning momentarily to a quantum mechanical picture, the influence of the
external electric field is essentially making the walls of the potential well thinner by
lowering the difference in energy between the electron and the far side of the potential
barrier, and so increasing the probability of a tunneling event. Taken to an extreme, once
the strength of the electric field is substantially stronger than the binding energy of the
electron, the system can be viewed classically wherein there is no barrier to ionization
and tunneling considerations become unimportant. This is an interesting concept in that
it can be used to determine the critical external field strength (Ec) required to classically
remove an electron via a simple equation
1-3
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where Z is the atomic number and e is the charge of an electron. Calculating the
corresponding critical laser intensity (Ic) for this field strength is performed with
Equation 1-4,
.

1-4

This process is known as barrier-suppression ionization (BSI) and it is likely manifested
in the experiments contained within this work; specifically for the first few ionization
events in a system. The onset of this type of behavior is often referred to as the “classical
threshold”.
As alluded to above, the magnitude of the electric field’s influence on the electron
is vital to this change in probability as it controls the amount of Stark shifting and energy
donation to the electron. This electric field strength is also known as the ponderomotive
potential, Up,

e 2 2
Up 
4m 2
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1-6

or its more convenient formulation,

where we consider e (1.602x10-19 Coulombs) and m, the mass of an electron (9.109x10-31
kg) as a single constant, while exchanging frequency for wavelength (λ) (in microns) and
electric field amplitude (ε) with laser intensity (I) (in W/cm2).
Based on the model delineated above, it is clear that the regime in which
tunneling is the dominant ionization mechanism is relatively small and its rate increases
dramatically within that limit; i.e. the conditions required for tunneling to occur dictate a
small window of probability. Specifically, tunneling should only be the major route for
ionization when the ponderomotive potential of the laser’s electric field is roughly
equivalent to the ionization energy of the electron. This characteristic has been discussed
before and is well reviewed by J H Posthumus [13] in his seminal article on the dynamics
of small molecules in strong electric fields. Therein he also notes that the laser intensity
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required for tunneling ionization is often very close to the intensity associated with
classical behavior, and thus this intensity will be highly dependent upon experimental
parameters and, interestingly, therefore cannot be treated as a tangible parameter in and
of itself.

1.2.3 The Keldysh (or Adiabatic) Parameter (γ)

From the above discussions, it should be apparent that the intensity of the incident
laser pulse, along with the ionization potential of a system, plays a nontrivial role in
determining the subsequent ionization mechanism.

In 1964, Keldysh realized the

importance of characterizing this transition and published his seminal work on the subject
[10]. In that publication he proposed a unitless adiabatic parameter, more commonly
referred to as the Keldysh parameter ( γ), which is directly related to the strength of the
incident electric field and the ionization potential of its target. The ratio between these
two values indicates the ionization phenomenon which is most likely to occur. A recent
review of this work, and its developments over the last 40 years, may be found in [14].
In light of that publication, the Keldysh parameter, its origins and uses, will only be
briefly explained herein from an experimentalist’s point of reference.
It is important to note that the Keldysh parameter only accounts for adiabatic
electron dynamics and, in the simple form provided herein, does not extend to systems in
which electron excitation dynamics within the potential well are possible. In strong-field
ionization, a system is described as adiabatic if the electron tunneling ionization
dynamics occur on a much shorter time scale than the periodic oscillations of the incident
electric field. This is also referred to as the “quasi-static approximation” in which the
frequency of the electric field is significantly slow compared to the rate at which
tunneling ionization occurs.

Several common scenarios exist in which these

approximations no longer hold true. For example, larger polyatomic systems containing
higher numbers of electronic degrees of freedom can serve to slow the electronic
transition rates sufficiently that the approximation is no longer valid. Further, if the
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wavelength of the incident electric field is short enough, the tunneling transition may no
longer proceed fast enough with respect to the oscillatory frequency of the field.
Situations such as these promote the occurrence of additional electron dynamics within
the potential well which are not accounted for by the adiabatic Keldysh parameter.
However, the concepts on which the parameter is based are somewhat central to the
realm of strong-field ionization and therefore will be described below.
The Keldysh parameter relates the ionization potential of the target chromophore
to the strength of the incident electric field. If the electric field strength is relatively low,
then γ >>1 and multiphoton ionization dominates. However, if the strength of the electric
field is sufficiently high, γ << 1, indicates over the barrier strong field ionization. The
regime in which 1>γ>0 represents the scenario in which tunneling ionization is most
likely to occur. It is important to note that these ranges cannot be treated as exact
thresholds; in fact, the probability of overlapping routes to ionization existing within the
same system is quite high for the experiments reported here as well as throughout the
published work of others.
The original form of the relationship that provides the value for γ is shown in
Equation 1-7

 

  2mI

t
e .
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In this original equation, the frequency of the light (  ) and the frequency of an electron
tunneling through the potential barrier (  t) are the preferred parameters for formulation.
Further, I is the ionization potential for the target electron energy level, m is the mass of
the electron, e is the charge of an electron, and E is the amplitude of the electric field
associated with the laser. The more common and convenient formula for this relation is



Ip
2U p

1-8
.
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Thus, the Keldysh parameter serves as a useful guide in determining the ionization
mechanisms most likely to be relevant within a given experiment and offers a simple and
concise manner of determining the significance of a laser’s electric field on those
ionization processes.

1.2.4 Predicting Ionization Rates

There are several contemporary theories which seek to characterize and predict
strong-field ionization behavior. The difficulty of predicting ionization rates is based
primarily upon the complexity of the target system. Theory developed by Ammosov,
Delone, and Krainov (ADK) [16] successfully models the ionization rates of the
hydrogen atom and noble gas species. Like many tunnel ionization theories, ADK is
based on the single-active electron (SAE) concept in which only the most weakly bound
electron is considered to be interacting with the incident electric field while all other
electrons in the system act as frozen spectators. This model has also been extended to
small molecules with some success in the form of molecular-ADK (MO-ADK) [17].
However, ADK and similar SAE-based theoretical treatments (such as those purported by
Perelomov-Popov-Terentev (PPT theory) and Keldysh-Faisal-Reiss (KFR theory) fail to
accurately model complex systems in which multi-electron effects are significant.
Further, the tunneling rates of these theories are based on the assumption that the
adiabatic approximation is valid, which limits the applicability of the models in many
systems, especially larger species and/or those containing numerous delocalized
electrons.
For example, ADK overestimates the ionization rate of transition metal atoms [8]
due to the presence of multiple weakly-bound valence electrons characteristic of openshell atoms. As these polarizable valence electrons are shifted towards the ionization
barrier by the external field, they create a significant repulsion towards the active electron
and thus increase the potential barrier for tunneling, suppressing ionization. Similar work
was also performed on small metal clusters [18] and the failure of SAE-based theories
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was also reported.

Clearly, as the molecular size and complexity increase, the

significance of multielectron effects in strong laser fields increases and the validity of the
quasi-static approximation is limited. Further, SAE theories often cannot be rationalized
at lower field intensities. There is significant work being performed in attempts to
accurately model the ionization behaviors for complex systems [19,20], but no clearly
defined theory has yet been reported. One of the most recently advanced theories is
referred to as the single-active electron time-dependent Schroedinger equation (SAETDSE) theory [21] which has been shown to behave well in studies on molecular
hydrogen.

1.3 Enhanced Ionization Mechanisms

Unlike atoms, clustered and molecular systems can undergo enhanced ionization
beyond that which an external field could accomplish alone. This is due to the proximity
of multiple nuclei to one another within the polyatomic systems, the internal electric field
which results from the ionization of those nuclei, and the superposition of this internal
field with the external one from the laser. Specifically, the small internuclear distances
typical in a cluster allow for significant interactions between positively ionized nuclei and
their neighboring electrons. This internal field can combine with the potential well
deformation enticed by a strong external field to further ionize electrons into the
continuum.

In addition, the characteristically high density of a cluster provides a

similarly high density of electrons which can provide opportunity for increased energy
absorption as the electrons interact with the laser field.
The applicability of each of the models and mechanisms described below is
dependent both on the nature of the cluster itself as well as the characteristics of the
incident laser field responsible for ionization. Thus, summaries of each concept are
delineated below while discussion of the intricacies and applicability of each of the
models germane to the studies contained in this thesis may be found in subsequent
chapters.
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1.3.1 Ionization Ignition Mechanism (IIM)

The ionization ignition model (IIM) was first proposed by Rose-Petruck et al. in
1994 [22] and has found relevance in highly ionized systems of all sizes and
compositions. In their original calculations, Rose-Petruck and coworkers found that
following the single ionization of each atom within a 25 nuclei cluster, rapid multiple
ionization events took place at an unanticipated rate and Ne+8 ions were created within

1-3: Schematic depicting the effects of neighboring ions within a diatomic system which may lead to the
ionization ignition mechanism. Higher charges result in larger Coulomb attraction between an ion and
neighboring electron which reduces the energy required for removal of that electron. This behavior is
represented by the lowering of the potential barrier in the direction of the neighboring ion.
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several femtoseconds. In this mechanism, the initial ionization events take place due to
field ionization at the leading edge of the laser’s electric field, which therefore must be of
sufficient intensity to promote those primary events. As the laser pulse continues to
increase in field strength as it propagates across the cluster, a second, internal potential
landscape is formed based on the attractive force exerted by each positively charged
atomic center on the surrounding electrons of the neighboring ionic cores.
This attractive potential draws the valence electron density away from the parent
nucleus, thus deforming the potential barrier and reducing the effective ionization
potential for emission of the electrons. As more electrons are removed, the charge state
of each nucleus becomes more positive and further lowers the barrier of the newly
exposed electrons on neighboring nuclei. In this manner, the external electric field is
capable of ionizing tightly bound electrons at significantly lower field strengths than
predicted based purely on atomic ionization potential values and thus the maximum
charge states attainable for the atomic species populating the cluster are increased beyond
that which would be accessible by the external field alone. A graphical depiction of this
behavior is illustrated in Figure 1-3.
By its nature, the IIM is most significant in systems in which the interatomic
distances between nuclei are as small as possible for the longest time possible, as the
effective barrier reduction diminishes with Coulomb’s law, and thus quadratically as
distance between nuclei is increased. Thus, IIM has a much more significant role in
experiments which employ an ultrashort pulse (<100fs) wherein maximum ionization
may occur with a minimum of cluster expansion. Short ionization times may further
enhance the influence of IIM by favoring outer ionization, which would remove ionized
electrons completely from the cluster and prevent the possibility of shielding by inner
ionized electrons. This mechanism is often referred to as cluster vertical ionization (CVI)
and denotes the outer ionization of a cluster without any significant changes in the
structure or internuclear distances associated with the neutral clusters. CVI most often
occurs in smaller clusters as they can possess both optical transparency to the external
field (allowing for all nuclei within the cluster to experience the same external field) and
dimensions small enough to inhibit electron retention (inner ionization).

A useful
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analysis of the direct influences of laser pulse width, frequency, shape, and intensity on
CVI have been performed by Last and Jortner [23].

1.3.2 Charge Resonance Enhanced Ionization (CREI)

First purported by Bandrauk and Zuo [24], the charge resonance enhanced
ionization (CREI) mechanism asserts that charge resonant states can become strongly
coupled to an intense electric field and result in the enhanced ionization of a cluster or
molecule in a nonlinear manner. Specifically, this method was developed by using
quantum mechanical formulations to describe the tunneling frequency of electrons
travelling between charged bodies when an external potential is applied to the system.
The model describes the motion of electrons between the ion cores initially created by the
external electric field and influenced by the internal electric field which develops via the
same phenomena as those involved in ionization ignition. This model is also referred to
as ENhanced IOnization (ENIO or simply EI).
According to the original formulation of the CREI model for the H 2 system, as the
molecule stretches and the separation between the ionic nuclei increases beyond its
lowest energy interatomic distances, there will be a critical separation (Rc) at which the
ionization rate will be significantly enhanced. This approach relied on the importance of
the internuclear distance with respect to a balance between inner (the situation in which
an electron is removed from its parent nuclei but remains under the influence of the
system as a whole) and outer (wherein an electron is completely removed from the target
cluster) ionization rates. A simple graphical description of this concept is presented in
Figure 1-4.
Briefly, consider a diatomic system oriented parallel to the direction of the laser’s
electric field. At a small internuclear distance (a), the internal barrier between the two
nuclei is suppressed and electrons may cross freely between the potential wells. As the
distance increases, this internal barrier will also increase, while the external barrier to
outer ionization is suppressed to allow for higher tunneling rates. At R c, a situation arises
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wherein electrons may freely cross over the internal barrier and/or tunnel through a
significantly more narrow barrier and thus become ionized directly into the continuum
(b). The internal ionization barrier is further suppressed by the attractive Coulomb
potential exerted by the adjacent nuclei and is key to the enhancement of the ionization
dynamics. Finally, as the internuclear distance grows beyond R c, the internal barrier rises
above the energy provided by the external field and the enhanced ionization process
ceases (c). It is important to note that this ionization enhancement, while it is the result
of cooperative effects, has no basis in the collective, coherent motion of multiple
electrons. Ionization enhancement resulting from those phenomena will be discussed in
the next subsection.
This model was further developed by Jortner et al. in 1998 [25] wherein the
model underwent a more classical treatment. Specifically, cluster structure was allowed
to change over time as the transient behavior of the laser pulse was evolving. This
dynamic internuclear distance between ion cores results in an inner potential barrier that
rises as time progresses. Specifically, as the positive cores push away from one another,
they are also shifted further from the neighboring valence electrons and thus they exert
less attractive force on them. This results in a higher ionization energy required to
remove a bound electron from its parent atom. Further, this behavior can lead to an
electron being trapped on one side of the bi-modal potential well or the other. As the
incident electric field reverses, the electron is given enough energy to cross the inner
potential barrier and thus leads to a net overall gain in energy from the electron’s
interaction with the field. This “jumping” process repeats until the electron energy is
sufficiently higher than the inner potential and the electron is released.
More recently, extensive strong-field ionization (SFI) theoretical calculations
were performed on small (16-30 atom) rare-gas clusters by Siedschlag and Rost [26]. In
these studies, they extended the enhanced ionization (ENIO) picture, which had been
previously only been applied to SFI in dimers and trimers, to larger clustered systems.
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1-4: Schematic representation of the charge resonance enhanced ionization mechanism as it applies to a
diatomic system in the presence of a static electric field. As the distance between the two atomic species
grows (r’r’’’) the interaction between the potential wells changes accordingly. At small internuclear
distances, electrons may transfer between the two atomic cores but remain bound within the dimer (inner
ionization). At r’’, the interatomic distance is such that electrons can escape the potential well (via
tunneling or over the barrier ionization) on the left and then directly escape to vacuum (outer ionize).
Finally, at large interatomic distances (r’’’), electrons in the left well remained bound there, while ionization
may still proceed from the right potential well. Thus, ionization becomes enhanced at the intermediate
distance due to the simultaneous and cooperative suppression of the inner and outer potential barriers.
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As a result of the broad scope of their study, Seidschlag and Rost were able to
observe the effects of a number of different variables on the enhancement of ionization
rates from rare gas clusters. For instance, they report a relative insensitivity to small
changes in the cluster size as well as to the applied laser frequency (which is in sharp
contrast to the collective electron motion mechanisms detailed in the following section).
However, they did observe an increase in maximum charge state for heavier constituent
atoms as well as with increasing laser intensity. Further, it was determined that larger
(again, 30 atoms vs. 16 atoms) clusters reach their maximum charge states at wider pulse
widths. For further details, please see Ref [26].
Two other recent studies are especially worthy of explicit mention in this section.
First, SFI calculations performed by Kamta and Bandrauk [27] on the heteronuclear
dimer He-H revealed that the orientation of molecular dipole with respect to the laser
polarization can have a dramatic influence on the ionization enhancement process.
Specifically, if the permanent dipole of the molecule is aligned antiparallel to the peak of
the external electric field, enhanced ionization proceeds much more favorably. While the
authors assert that this behavior should be universal for any nonsymmetric polar
molecule, it is important to note that the mechanism will only be manifested under the
influence of very short, few-cycle pulses. In the presence of longer laser pulses, the
effect will “wash out” over the course of the many-cycle averaged process.
Finally, in more recent theoretical work from Kamta and Bandrauk [28], it was
shown that the critical internuclear distance, R c, only exists for electrons located directly
between two participating nuclei (i.e. in a sigma electron orbital). The calculations
demonstrated that off-axis electrons, such as those residing in a p-orbital, experience a
monotonic (albeit still enhanced) increase in ionization as internuclear distance increases.
Unfortunately, these simulations could only be performed on small diatomic systems and
thus the full implications of this phenomenon have not yet been determined.
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1.3.3 Coherent Electron Motion Mechanism (CEMM) or Nanoplasma Model

In larger systems, where increased populations of delocalized electrons are
present, collective electron effects are possible. As a simple example, consider a cluster
composed purely of metal ions. The Jellium model [29-31] is commonly invoked for
gaining a qualitative understanding of the basic electronic structure within a metallic
cluster. Simply put, the delocalized nature of the valence electrons responsible for the
metallic bonding forces which hold the cluster together can be treated as a broad
negatively-charged distribution (1-5b) intermixed with a homogenous positively charged
background attributed to the metal nuclei (1-5a). Upon external stimulation (1-5c), the
loosely bound electrons localized within the cluster can become displaced relative to the
center of the positively charged core (1-5d). The cationic metal nuclei exert a restorative
Coulombic attractive force on the electron cloud and pull the electron density back
toward the cluster. In this way, the electron density wave adopts a coherent oscillatory
motion which travels at a certain frequency, similar to a plasmon in a nanoparticle.
Further, the specific frequency of this oscillatory behavior will be dependent upon the
strength of that attraction, which is dependent upon the composition, size, shape, etc. of
the cluster itself.
If this plasmonic frequency becomes resonant with that of an external electric
field, the energy absorption cross-section for the system increases dramatically and
results in the deposition of large amount of energy, which translates into heating of the
electrons, and thus leads to enhanced ionization as the oscillating electrons transfer this
energy to the cluster. It was on this basis that the coherent electron motion model was
proposed by Rhodes and coworkers in 1993 [32]. Since then, the model has been
successfully applied to small (20-100 atoms) [33], medium (100-1000 atoms) [34] and
large (>1000 atoms) [35] clusters composed of a variety of different species, although
assumptions of spherical shape and homogenous density within the cluster are typical.
Throughout the literature, CEMM is often referred to as the nanoplasma model,
especially when applied to larger cluster systems, but the ionization dynamics remain the
same. This phenomenon can be further extrapolated to nanoparticle systems, as the
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1-5: Schematic to illustrate the nature of a Jellium-type cluster and the onset of a cluster plasmon. The
nuclei and valence electrons which comprise the cluster may be thought of as diffuse positively- (a) and
negatively-charged (b) clouds. The interaction between the delocalized electron density and the inner
metallic ion cores results is a dynamic one and collective and coherent oscillatory behavior can be induced
by an external electric field (c). The cartoon of the waveform is misleading as the size of the target cluster
should be sufficiently smaller than the laser pulse that the entire cluster experiences an identical influence
from the field. The cluster’s frequency is unique to the size, dimensions, composition, etc. of a particular
cluster. See text for more details.
cluster plasmon has a direct correlation with the nanoparticle surface plasmon, its
associated Mie frequency, and the energy absorption dynamics implicit in those systems.
Regarding the CEM model, the basic steps involved in the ionization process are
threefold: 1) field ionization to create and enhance the inner ionized electron cloud, 2)
electron collisional heating within the cluster as the electron cloud oscillates in the
external electric field, and 3) cluster expansion leading up to complete cluster destruction.
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In step 1, the external field irradiates the optically transparent (depending on
composition) cluster material and inner ionizes a significant population of electrons via
tunnel or barrier suppression ionization. Throughout this process, the creation of ionic
cores will create an internal electric field which will serve to further suppress ionization
barriers, as in the two previously described models.

As these electrons coherently

oscillate in the electric field, they will become collisionally excited via inverse
bremsstrahlung (IB) processes (step 2). IB excitation refers to the process of energy
absorption which occurs as an external electric field drives an electron in the field of a
nucleus. As the electrons within the cluster are heated, the cluster begins to expand via
hydrodynamic pressure. While the cluster expands, the respective plasmon frequency
gradually lowers in rate. Upon sufficient expansion, the cluster plasmon frequency can
come into resonance with the frequency of the external field, resulting in an immense
increase in the energy absorbed by the cluster and enhancing the ionization rate
significantly.

This process continues until the cluster is no longer cohesively held

together.
The previous sections represent a concise overview of several important concepts
regarding the interactions of strong-fields with matter. The topic itself is quite broad and
far-reaching, and as such, even the lengthiest reviews must be limited in scope. Several
of the more useful and informative reviews have been consulted for this introduction and
as such, the reader is encouraged to investigate that literature and the wealth of references
found within each of them. Specifically, recent publications from Gibbon [36], Krainov
et al. [37], Posthumus [13], and especially Saalmann et al. [38], Bhardwaj et al. [39], and
Lezius et al. [40] will prove to be both enlightening and comprehensible.
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Chapter 2

Experimental Setup: Apparati and Techniques

The experiments detailed within this dissertation are concerned with studies
investigating the interactions between matter and light. As such, the techniques used for
the creation and manipulation of this matter, in the form of clusters, as well as the
formation and utilization of the pulses of electromagnetic radiation used in studying these
clusters are discussed in this chapter. Further, the experimental apparatus used to detect
the species resulting from these light-matter interactions is described in limited detail. It
is the opinion of this author that the basic principles of the experimental apparatus have
been thoroughly covered elsewhere (for excellent background information, please see the
thesis

of

Wisniewski

(Investigations

of

Molecular

Clusters:

Excited

State

Photochemistry, Solvation Effects and High Energy Processes, 2002)) and abundant
resources are available. Thus, this chapter will mostly concentrate on the roles of each
apparatus within the overall system used in the performance of these experiments. Note,
however, that several of the experiments contained in later chapters required some
important modifications to the general approaches described herein and those details may
be found in the experimental sections of these subsequent chapters.
In each of these experiments, the clusters under investigation were created using a
laser vaporization (LaVa) source. Following the formation of the desired clusters, they
were exposed to femtosecond pulses of light obtained from a colliding-pulse, modelocked (CPM) dye laser and amplified in several stages to obtain sufficient intensity for
the chosen experiments. Detection of the resulting species was performed using a WileyMcLaren style mass spectrometer in conjunction with various ion beam-steering optics
and a micro-channel plate (MCP) detector. As with all gas-phase cluster research, these
experiments were conducted within a vacuum chamber. A schematic of the overall
source and detection scheme may be seen in Figure 2-1.
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2-1: A schematic representation of the cluster source and mass spectrometer. Following creation in the
laser vaporization source (a), the clusters traveled a short distance until they were irradiated with an
ultrashort pulse of light as they passed between the electrostatic grids which constitute the Wiley-McLaren
extraction region (b). Based on the electric field parameters of the extraction region, any cationic products
resulting from the laser ionization event were directed into the mass spectrometer, wherein they
encountered a beam-steering deflector plate (c) and an Einzel lens (d) prior to being detected at the
microchannel plate (MCP) detector (e) in the short field-free region experiments. For the long field-free
region experiments, the cationic products bypassed the detector located at (e) and traveled to the reflectron
assembly at (f) where they were turned back towards the secondary MCP detector at (g).

2.1 Cluster Source

Despite the fact that the experiments described within this work were performed
on many different clusters of varying sizes, compositions, bonding schemes, etc., they
were all created using a single source; a laser vaporization source based on the style
developed by the groups of de Heer [1] and Smalley [2] and further refined by the Penn
State Department of Physics Mechanical and Electrical Engineering department. This
type of source is widely used in the field of gas-phase cluster studies due to its simplicity,
robustness, and flexibility. A more detailed schematic of the source is provided in Figure
2-2.
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2-2: Detailed schematic of the laser vaporization source used in these experiments.

Briefly,
reactant/clustering gases were introduced via the inlet at (a) whereupon pulses of the gas were created using
the solenoid pulsed-nozzle (b). At a certain time during each gas pulse, the second harmonic (532nm) of an
Nd:YAG laser was directed into the source (c) where it ablated a target metal rod (d) which was
simultaneously being rotated and translated to ensure a “clean” spot on the rod for each subsequent ablation
event. The position of this rod was maintained via a spring-loaded ball bearing guide (e) with the intent of
minimizing changes in interior source dimensions in case of rod imbalance. Following creation of the
metal-gas plasma, the ionized materials were directed into the waiting room (f) prior to escaping the source
via the expansion nozzle (g) and entering into the ionization region of the mass spectrometer.

Within the source, a metal rod composed of the target material, typically a Group
III, IV, or V transition metal for these experiments, was ablated by an external laser. The
99% pure transition metal rods were ablated with 5-20 mJ of focused 532nm light
delivered from a Quanta Ray DCR-1 Nd:YAG laser operating at a 10Hz repetition rate.
The metal rods were constantly rotated and translated using a threaded rod assembly in
conjunction with a stepper motor to continuously expose a fresh region of the target rod
to the impinging laser to provide consistency in cluster composition, size, and production
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intensity. It is important to note that the energy of the focused laser pulses was such that
the ablation of the target metal results in the creation of a plasma located directly above
the surface of the substrate. This plasma contained highly energetic ionic and neutral
atoms as well as free electrons and was vital in the creation of the homo- and
heterogeneous species studied in this work.
Concurrently, a short pulse of gas was introduced into the laser vaporization
source in a manner in which it passed directly over the metal plasma. The gas packets
were provided by a solenoid-driven pulsed nozzle (General Valve®, Series 9) which was
controlled by a pulsed-valve driver built by the Penn State Electronics Shop.
composition of this gas varied based on the desired species.

The

For the experiments

presented in this thesis, pure methane (CH4) was used for creating metal-carbide clusters,
oxygen (O2) seeded in helium was used for making metal-oxide clusters, and pure helium
was used in the formation of homonuclear metal clusters. Further details regarding these
compositions may be found in the subsequent chapters.
Typical pulses for the gaseous species were approximately 500us in duration and
the laser ablation event was timed so that the plasma was created very near the middle of
the gas pulse (see Figure 2-1). It was determined that this timing provided the highest
density of reactant gas over the laser-induced plasma and thus yielded the maximum
cluster intensity.
As the gaseous species flow through the plasma, they undergo decomposition and
ionization, adding to the plasma and collisionally moving the entire ionic cloud away
from the ablation site and towards the next stage of the source; the waiting room. Within
this waiting room, interatomic collisions allow for the reactant gases to interact with the
transition metal atoms while further collisions with helium atoms (when present) serve to
remove energy from the ionic cloud and cool the clustering materials. Upon reaching the
threshold between the waiting room and the expansion nozzle, a supersonic expansion
occurs due to the cluster materials leaving the relatively high pressures found within the
waiting room and entering the lower pressure environment within the chamber. This
expansion serves to further cool the clustered materials as their internal energies are
translated into kinetic energy. Several variations on the dimensions of the waiting room

28
and expansion nozzle were implemented and details of these modifications may be found
in the subsequent chapters.
Upon exiting the LaVa source, clusters were observed which possessed near
thermal energies and which have also been found to be internally cool [3]. This cloud of
clusters then encountered a skimmer nozzle with a 5mm orifice positioned 30cm from the
laser-cluster interaction region. This skimmer effectively eliminated any part of the
cloud which was not traversing relatively collinearly in the desired direction and resulted
in a well-defined cluster beam containing anionic, cationic, and neutral species.

2.2 Femtosecond Laser Facility

To perform strong-field ionization experiments, an ultrashort pulse of light
(<1000fs) possessing a large intensity (>1014 W/cm2) at its focal point was required. To
obtain these ultrashort pulses, a colliding pulse, passively mode-locked dye laser was
used while a single Bowtie amplifier and a series of three Bethune cell amplifiers were
utilized in achieving the energy density necessary to reach the desired laser intensities. In
this subsection, some vital details regarding the operation of the laser system are provided
and have primarily been adapted from the original user’s manual which was provided
with the laser kit.

Additionally, operational details have been added based on this

author’s experience in working with the laser system.

2.2.1 Colliding Pulse Mode-locked (CPM) Dye Laser

Femtosecond pulses of light centered at 624nm and possessing an average of
200pJ of energy were created using a colliding pulse, mode-locked (CPM) dye laser
(CPM-1 from Clark Instrumentation). The laser used in these experiments was actually a
closely-related variant of the laser which provided the world with its first sub-picosecond
laser pulses in 1981 [4].

This particular CPM laser cavity (Figure 2-3) provided
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ultrashort pulses on the order of 100 femtoseconds. The cavity consisted of a series of
optics in addition to two liquid sheets of organic material, one containing a saturable
absorber and the other a gain medium.

The gain medium was composed of

sulfurhodamine 590 dissolved in ethylene glycol which was pumped by a continuous
wave laser (532nm, 4.75W all lines power).

The gain medium emitted light in a

broadband spectrum, providing the wide range of frequencies required to create the
femtosecond pulses. The broadband nature of the pulse is necessitated by the Fourier
limit and the gain medium must therefore emit many wavelengths in order to be able to
amplify the femtosecond pulses. The saturable absorber used was 3,3’-diethyloxadicarbocyanine iodide (DODCI) and provided the pulsed nature of the pulse train while
acting to passively mode-lock the system due to its nonlinear transmissivity with respect
to the intensity of light. These two dyes were manipulated into thin sheets of liquid for
several reasons, namely to prevent saturation, reduce the potential for heating within the
materials, and to minimize lensing and reflections that would result from using a cuvette.
A set of 4 matched prisms provided the positive chirp necessary to compensate for the
self phase modulation and group velocity dispersion that the pulses obtain when passing
through the two dyes.

2-3: Schematic overview of the CPM dye laser and subsequent amplification apparati. Note the
compression gratings which, when present, recompressed the beam to yield pulses of ~100fs in width.
Without the gratings, 350fs pulses were attained. The recommended power distributions for the Nd:YAG
amplification system have been provided. Prior to entering the TOF-MS within the vacuum chamber, the
femtosecond pulse beam was focused down to intensities above 1014W/cm2 via a 50cm focal lens.
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Typically, the intensity of the pulse train leaving the CPM cavity is somewhat
difficult to maintain at a constant level. Assuming that the cavity is well-aligned, the
most likely sources of instability are 1) the flowrate of the gain dye circulation jet, 2) the
concentration of the gain and/or saturable absorber dyes, 3) the cleanliness of the 4
prisms in the cavity, 4) the relative amounts of glass traversed through each prism, and 5)
the position of the saturable absorber jet with respect to the pulse train. Regarding the
flowrate of the gain dye circulator, it was found that a pressure of 20-22 psi in the
circulator resulted in the most stable and highest intensity pulse train. Often, given the
humidity of the laboratory, the laser dyes may also absorb water from the air, diluting the
dye concentration and changing the viscosity of the circulating medium. Care should be
taken to seal the circulation units as well as possible. Unless the prisms are cleaned daily
(using the recommended HPLC-grade methanol-soaked optical wipe technique) they can
become dirty and result in lower and/or inconsistent intensity. The relative amounts of
glass provided by each prism was also found to occasionally affect the laser intensity and
stability. Once enough glass has been removed from the cavity, one may benefit from
translating pairs of prisms in and out, using additional glass from one to compensate for
the removal of glass from another to maintain the ideal amount of glass while optimizing
the specific path of the laser beam. The final common source of instability and intensity
loss is actually the most frequent culprit; the relative location of the saturable absorber jet
with respect to the pulse train. Once mode-lock has been established, minute changes in
the plane perpendicular to laser propagation can result in significant effects regarding
laser intensity and stability.

2.2.2 Bowtie Amplifier

In order to obtain the energies required for the experiments described herein, the
200pJ pulses were amplified in four successive stages, the first of which contained a 6pass Bowtie amplifier and the last three composed of Bethune cell amplifiers. The
Bowtie amplifier consisted of a circulating dye cell containing the gain medium,
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sulforhodamine 640 dissolved in a 50:50 mixture of methanol and water, a pump steering
mirror, and multiple highly reflective mirrors to allow for the multi-pass alignment of the
femtosecond pulse train. The mirrors were oriented in such a way that the femtosecond
pulses passed through the gain medium 6 times before finally leaving the cavity. The
gain medium was pumped by a portion of the 532nm second harmonic of another
nanosecond Nd:YAG laser (GCR-1 by Coherent Lasers) operated at powers of 500mW
which passed through the gain medium twice, having been reflected back through the dye
via a mirror on the far side of the circulation cell.
This single-stage multi-pass design allowed for 6 individual amplification events
per pulse while reducing the overall footprint of the system and facilitating an easier
alignment procedure. Further, each subsequent pass through the gain medium occurred at
a slightly different angle to minimize the interference effects between overlapping pulses,
a problem which could reduce the quality of the final beam.

The 6 passes of the

femtosecond pulse train must overlap in the gain medium, however, to ensure that each
pass receives the maximum amplification possible at the area where the gain is most
efficient, thus minimizing wasted pump energy. This particular Bow-tie amplifier also
contained another organic dye jet of malachite green dissolved in ethylene glycol which
facilitated the reduction of amplified spontaneous emission (ASE). The ASE was an
undesirable result of the multi-pass gain phenomenon and could steal pump energy away
from the femtosecond pulses, reducing the efficiency of the bow-tie amplifier. The
percentage of ASE in the overall pulse was determined by measuring the CPM power
after all amplification was completed, then taking the same measurement with the
femtosecond pulse train blocked (typically on the far side of the output coupler, where
the pulse train leaves the ring cavity of the CPM) and subtracting the two values. Less
than 10% contribution from ASE was desirable, with lower contributions being preferred.
With regard to experimental technique, it was determined that a pump energy of
800mW provided optimal amplification when the pump beam was focused in such a way
that its focal point exists between the dye cell and the return mirror after the pump beam
has been reflected off of the return mirror. Further, it has been seen that if the pump laser
beam has enough energy that it can ionize the air at its focal point (clearly evidenced by a
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“tacking” sound and bright bluish-white flashes at the focal point) then either the pump
power is too high or the concentration of gain dye wasn’t high enough and, as such, a less
than optimum amount of pump energy was being absorbed and thus transferred to the
femtosecond pulses.
Upon exiting the bow-tie amplifier, the femtosecond pulses had passed through a
sufficient amount of glass that they had gained a net chirp leading to a stretching of the
pulse width from their initial 100fs width to approximately 350fs.

In some of the

following experiments, this pulse stretching was desirable in providing an easily
accessible 350fs pulse (following subsequent amplification). However, most experiments
benefitted from the use of the shortest pulse possible, which in this case was around
100fs. Thus, a matched pair of parallel recompression gratings was positioned in the
laser path immediately following the bow-tie amplification. These gratings provided a
net negative GVD by reflecting the longer wavelength components of the femtosecond
pulse at a sharper angle and thus provide slightly different path lengths for the various
frequencies which constitute the overall femtosecond pulse.

2.2.3 Bethune Cell Amplification

The last three stages of amplification were nearly identical, as they all utilized
Bethune cell [5] prismatic dye circulators to amplify the femtosecond pulses.

The

Bethune cells each consisted of a large prism with a cylinder longitudinally bored
through its center, through which a solution of sulfurhodamine 640 mixed in 50:50
methanol to water flowed via a circulation apparatus. As with the gain cell located in the
bowtie amplifier, the Bethune cells were pumped with a portion of 532nm light from the
second harmonic of the same Nd:YAG nanosecond laser which pumped the bowtie. By
positioning the flowing gain medium and femtosecond pulses collinearly through the
center of the prism, amplification proceeded in a uniform manner as the internal
reflections of the prism supplied pump energy to the gain medium from 4 different
directions simultaneously.
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The only major variations between these three stages were the size of the bore
diameter and the amount of pumping power contributed to the amplification unit.
Specifically, the Bethune cells possessed increasing bore diameters of 2mm, 6mm, and
12mm successively. Each successively larger Bethune cell received an appropriately
larger amount of pump energy; 250mw, 1.1 W, and 1.9 W (see Figure 2-3). These
energy distributions were accomplished via a series of reflecting optics, each of which
was responsible for separating out a specific amount of light for the Bethune cell in its
path. The first optic was a simple glass slide, which optimally redirected 10% of the
main pump energy. The second beam steering mirror optimally reduced the beam energy
by 33% while the final mirror directed all remaining pump energy into the final, largest
Bethune cell. It is also important to note that upon initiation of the laser amplification
process, the system should be allowed to run for 5-10 minutes prior to use to allow for
thermal equilibrium to be attained for each of the optics in the beam path as well as to
allow the pumping Nd:YAG laser to reach a stable operating situation. Failure to allow
sufficient time for the laser system to equilibrate may result in significantly larger
contributions from the ASE in the system and thus a reduced femtosecond pulse intensity.
Assuming the aforementioned pulse recompression had been implemented, the
femtosecond pulses emerged from the final Bethune cell amplifier with approximately
30mW of total energy (~5-10mW of which was ASE) and a pulse width of 100fs.
Without pulse recompression, the pulses emerged with a width of approximately 350fs
and roughly the same amount of energy. Consistent amplification was best observed
using a power meter, and inconsistent amplification could typically be attributed to an
excessive concentration of gain dye in either the Bowtie or Bethune cell amplifiers or a
timing issue between the nanosecond delay box seeding of the amplification Nd:YAG
laser and the femtosecond pulse train.
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2.3 Time-of-Flight Mass Spectrometer (TOF-MS)

A time-of-flight mass spectrometer (TOF-MS) was used to analyze both the
species created by the LaVa source as well as the products resulting from the strong-field
ionization experiments performed on these clusters. This particular TOF-MS consisted of
an acceleration and extraction region positioned normal to the direction of cluster beam
propagation and built in the style developed by Wiley and McLaren [6]. Further ion
optics consisting of a deflector plate and an Einzel lens assembly helped to steer the beam
into the field free region wherein clusters were separated in time based on their differing
mass-to-charge ratios until they impacted the detector, a chevron stack of two
microchannel plates. On occasion, a reflectron was inserted into the path of the ion beam
to lengthen the field free region and increase resolution to aid in proper mass
identification.

2.3.1 Time-of-Flight Extraction Region

The first ion optics encountered by the cluster beam were the three stainless steel
plates that constituted the Wiley-McLaren style time-of-flight lenses (Figure 2-4). These
plates are oriented parallel to the direction of cluster beam propagation and as such
succeed in redirecting any charged species at an approximately normal angle to their
original path, given the appropriate applied voltages. The stainless steel plates are 2”x2”
and while the first plate in the series was solid, the extraction and acceleration plates each
contained a hole in their centers which was approximately 1/8” in diameter. Each hole
was overlaid with a fine nickel mesh to allow for the creation of a relatively uniform
electric field while still permitting product species to traverse through from one region to
the next. The relatively small dimensions of the center holes will be explained below.
The repeller plate and extraction plate were separated by 1.65cm while the extraction
plate and accelerator plate were 0.64cm apart.
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2-4: Schematic depiction of the extraction region (a), deflector plate (b), and Einzel lens (c) assemblies
including typical operational voltages. As the neutral cluster beam enters the region between the repeller
(at +4kV) and extractor (+2kV) plates, its constituents would be irradiated with an ultrashort, intense laser
pulse (not shown) and subsequently undergo SFI. The solid blue line represents a simplified view of the
assumed path taken by the resulting cations. Whereas their residual downward momentum might normally
force the majority of ions out of the range of detection in the mass spectrometer, the deflector plate, typical
held at a static voltage of 80-160V, compensates for the undesired motion and directs the majority of the
products towards the detector. Simultaneously, the deflector plate serves to push any ionic products
resulting from SFI of background contaminants (dashed red line) off-axis and reduce their significance in
the mass spectra (extended path extrapolated for illustration purposes).
During strong-field ionization studies, a static potential gradient was typically
applied across the grids. This served the dual purpose of deflecting any ionic cluster
species present in the cluster beam, thereby ensuring that neutral species were the only
clusters present upon ionization by the femtosecond laser pulses, as well as directing
these newly created ionic products into the mass analyzer region of the spectrometer
following ionization.

Further, by defocusing the laser beam and thus lowering its

intensity, neutral cluster species could be singly ionized (likely via MPI) and the neutral
cluster distribution could be observed (see Figure 2-5 for a demonstration). On occasion,
this cluster identification technique was unsuccessful and thus a pulsed voltage was
applied to the grids to allow observation of the cationic cluster species for use as a
representation of the neutral species being studied via Coulomb explosion.
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2-5: An ensemble of mass spectra obtained by varying the location of the laser’s focal point. In doing so,
the electric field strength which the target species were exposed to was also changed accordingly. The
furthest point on the z-axis represents the spectrum which contains ions created at the least focused (and
therefore least intense) part of the laser beam. There was little to no evidence of multiply-charged species
while most of the clusters become singly-ionized and arrive at the detector intact. As the focus was
incrementally tightened and the clusters were exposed to higher laser intensities (towards zero on the zaxis), the larger clusters began to fragment and multiply-charged ions became evident in the mass
spectrum. The spectrum taken at the highest intensity for this experiment does not represent the maximum
available intensity, as this figure is provided for illustrative purposes alone. At the maximum field
intensity, the multiply charged ion signal dominated the spectrum and singly charged polyatomic species
were rarely observed in any appreciable amount. The small throughput orifice in the extraction plate of the
TOF assembled aided in narrowing the observed species to those exposed to similar field intensities.
In addition to species identification, by manipulating the voltage gradient which
exists between the repeller plate and the extraction plate, information regarding the
overall kinetic energy release associated with the Coulomb explosion which followed SFI
experiments was obtained. Upon Coulomb explosion, fragments of the original clusters
were ejected in every direction with a kinetic energy directly related to the total Coulomb
repulsion felt by each individual atom with respect to the rest of the parent cluster. In the
linear TOF-MS used in the experiments it was only possible to detect a very small
portion of those fragments. Specifically, only those fragments ejected with a direction of
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propagation directly paralleling the orientation of the mass spectrometer are observed.
Any fragments released with a vector which was more than a few degrees off-axis from
the path of TOF-MS traveled beyond the detection area of the spectrometer or collided
with a one of the surrounding ion optics (see Figure 2-6). This arrangement, despite the
fact that it greatly reduces the amount of observable signal resulting from a Coulomb
explosion event, allows the average KER of each cluster fragment to be observed
directly.

2-6: Screenshot from a SIMION® simulation of a Coulomb explosion event within the confines of an ion
extraction apparatus similar to the one employed in these experiments. Although this is an idealized
situation, it is clear that despite the fact that ions may be ejected with vectors in any direction, only those
particles with a direction of propagation which is collinear (or very nearly so, at least) with the axis of the
mass spectrometer have the opportunity to be detected.

2.3.1.1 Kinetic Energy Release (KER) Measurements

Observation of the KER was possible due to the electric field located between the
repeller and extraction plates. In assuming that the only observable species resulting
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from the Coulomb explosion were those ejected directly towards or away from the
detector in the mass spectrometer, the process could be treated one-dimensionally.
Fragments ejected towards the detector gained kinetic energy equal to that with which
they were released from the cluster plus the energy gained from the distance they travel
with the static electric field provided by the TOF grids, resulting in a broad distribution of
energies. The fragments ejected away from the detector obtained the exact same amount
of kinetic energy and are turned back towards the detector in the presence of a strong
enough field.

These ions become space focused and arrive in a relatively narrow

distribution. Using the peak analysis method, we measure the average time of flight
(TOF) for each peak distribution and input the Δt (in μs) into the equation
2-1
.
Where q is the charge of the ion, m is the mass of the ion in atomic mass units (amu), U1U2 is the voltage difference between the extractor and repeller plates in volts, while d is
the distance between the two plates in centimeters. The value 0.1204 is a constant
included to correct for the use of convenient units.
In several experiments, the relative KER was observed and utilized to discern
cluster expansion and/or to identify species within the ion distributions. In the former
application, cluster expansion was identified via an observed reduction in KER due to the
larger internuclear distances within the cluster leading to lower Coulomb repulsion
strength.

In the latter use, an excellent example of the differentiation between

background species and clustered signal is demonstrated in Figure 2-7.
When obtaining background spectra for subtraction purposes, the LaVa source
was run in its typical manner with the exception that the vaporization laser was blocked
and thus the metal rod was not ablated. As such, the gas pulses of oxygen, methane,
and/or helium were still being produced and were accounted for within the background
spectrum. This was done with the intent of observing all species in the spectra which
were not products of the target clusters themselves, including the unclustered gaseous
species which were undoubtedly present in the cluster beam. Following SFI of the
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background molecular oxygen dimer (from a transition metal oxide experiment), a
narrow peak splitting is observed for the O+ species in the “Background Spectrum”
shown by the dashed red line in Figure 2-7. The total spectrum (solid black line) and
subtracted spectrum (solid green line) are also provided in the figure. As shown, in the
“Total Spectrum” the KER splitting for the O+ species is rather difficult to discern due to
the additional contributions from the background O2 ionization. Following subtraction,
however, the splitting in the signal resulting primarily from the target clusters is clearly
observable and becomes sufficiently resolved to measure an accurate KER value. The
overall difference in average KER is also quite significant, as the energy released from
the O2 dimer was calculated (using Eqn. 2-1) to be < 1eV while the CE of the transition
metal oxide clusters yielded ~18eV of energy.
Figure 2-7 also contains several hydrocarbon ion peaks commonly observed in the
background signal which result from the SFI of hydrocarbon-based vacuum pump oil; a
contaminant within our vacuum chamber. As shown by the subtracted spectrum (solid
green line), the background hydrocarbon signal cannot be fully subtracted from the
overall spectrum, as the ion signal from these peaks increases in the presence of clusters.
This has been attributed to electron impact ionization resulting from the high density of
electron ejected via the SFI of the target clusters. This contamination and our techniques
to compensate for it are discussed in more detail in the following sections.
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2-7: Demonstration of applications of kinetic energy release (KER) values. The solid black line
represents the overall spectrum obtained via SFI of transition metal oxide clusters and any background,
unclustered species in the path of the laser. The dashed red line shows several of the species commonly
observed in the background of our experiments while the solid green line is a subtracted spectrum which
results when the signal from the background is subtracted from the total spectrum. In this way, the KER of
many species was obtained more easily and accurately. As noted, the hydrocarbon ion result from the SFI
of background vacuum pump oil and serve as an illuminating demonstration that the background oil
ionization increases in intensity during the ionization of the target cluster species. This has been attributed
to secondary electron impact ionization and makes it impossible to completely eliminate background
contaminant signal from the observed mass spectra.

2.3.2 Deflector Plate

Upon exiting the extraction region, the cationic products immediately encountered
two additional ion steering elements.

The first of these was a deflector plate to

compensate for the unavoidable downward momentum associated with the clusters due to
their expansion into the vacuum chamber upon leaving the LaVa source. The term
“deflector plate” refers to an assembly which consisted of two stainless steel plates

41
oriented parallel to one another and collinearly with the direction of ion propagation in
the mass spectrometer (see Fig. 2-4). These plates were located approximately 1/2" away
from the acceleration grid, were separated from one another by 3/4", and positioned
slightly lower than the center of the hole in the accelerator plate. The top deflector plate
was held at local ground (zero potential) while the bottom plate possessed a static voltage
that was varied between 0V and +300V, although typical experiments required between
+80 and +160V.
This gentle voltage gradient served two vital purposes in these experiments. First,
whether the species under investigation were clusters or the fragments of clusters
resulting from a Coulomb explosion event, they possessed a certain amount of
translational momentum which was perpendicular to the axial direction of the mass
spectrometer (illustrated in Figure 2-4). Without being compensated for, this momentum
proved to result in the elimination of a significant amount of product signal as it carried
the cations out of alignment with the linear mass spectrometer. By applying a small
amount of corrective potential via the deflector plate, the flight path of the observed
species was corrected sufficiently to realign the particles with the preferred direction of
flight in the mass spectrometer without significantly altering the velocities imparted on
the particles in the extraction region.
The second important role of the deflector plate concerned the elimination of
background signal during Coulomb explosion studies. Due to the oil-based nature of the
vacuum pumping system used for these experiments, there existed a significant amount
of hydrocarbon-based pump oil present in the vacuum chambers.

As these long

hydrocarbon chains were ionized by the incident laser pulses, they were also directed into
the mass spectrometer and subsequently detected (see, for e.g., Figure 2-7 and 2-8).
However, as these species were ambient within the chamber and possessed no coherent
path like that observed in the cluster beam, the oil molecules did not have a specific
innate kinetic energy for which compensation was required. Thus, as they traveled into
the deflector plate region, their direction of propagation was not corrected by the
electrostatic field, but rather the carbon species were forced off-axis and thus the
population which reached the detector was significantly reduced.

This was quite
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beneficial as elimination of these particles within the chamber proved extremely difficult
and their abundant presence in the mass spectra has been observed to mask the
populations of other species possessing similar mass-to-charge ratios.

2.3.3 Einzel Lens

Traditionally, a three-element Einzel lens is utilized to aid in space focusing ionic
products as they propagate through a mass spectrometer and thus increase the resolution
of the instrument. This particular Einzel lens was composed of three stainless steel
cylindrical coaxial electrodes of 1” in length, separated from one another by 0.1” and
positioned approximately 1/4" further downstream from the deflector plate assembly
within the path of the mass spectrometer (see Figure 2-4). The Einzel lens’ effectiveness
was limited in these experiments, as it was only employed in two specific scenarios due
to the fact that its use could significantly detract from the measurement of certain data.
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2-8: Mass spectrum of the singly-ionized background contamination omnipresent in the vacuum chamber.
This spectrum was obtained by defocusing the femtosecond pulse train to allow for ionization without
Coulomb explosion. The inset spectrum contains several labels for the more intense peaks and
demonstrates the abundance of species resulting from the fragmentation of large hydrocarbons. It should
be noted that this spectrum was obtained with the deflector plate held at a grounded potential to allow the
observation of the entire population.
Specifically, the Einzel lens was utilized when cluster signal (cationic as well as
ionized) was under observation. Further, the Einzel lens was used to recollimate the
portion of the Coulomb exploded signal that was travelling slightly off axis from the
direction of the mass spectrometer and which would not normally be detectable. This
technique was only used for species identification purposes in the long field-free region
experiments, where KER data was secondary.

This was necessary because the

recollimation of the off-axis ions resulted in longer flight paths for those species and thus
particles possessing the same KE and m/z ratio experienced different times of flight.
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This behavior would broaden the observed distributions and add inaccuracy in KER peak
analysis.

2-9: Experimental mass spectrum of the multiply charged ions which result from the laser-induced strongfield ionization of background contamination. The hydrocarbon-based pump oil [(CH2)n where 20<n<40]
employed in our vacuum system is the most likely source of the majority of this contamination. Additional
ions result from the SFI of water and nitrogen molecules. Unfortunately, simple background subtraction
techniques were typically insufficient for the elimination of this signal due to a noticeable increase in the
intensity of the ionized background species in the presence of the target cluster systems. This has been
attributed to electron- and ion-impact ionization of the background species resulting from collisions with
the highly energetic particles ejected during the Coulomb explosion of the parent clusters.

2.3.4 Detection: Microchannel Plate Detector

As noted in the overview above, two identical detectors were used in these
experiments and the only difference between the two was the position of each individual
unit. The detectors were both microchannel plate (MCP) detectors and were operated
without any additional post-acceleration or deflection modifications.

The detectors

consisted of a matched pair of circular glass plates with circular electrodes positioned on
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the top and bottom of the stack as well as an additional electrode located between the
plates to ensure electrical contact between them. These plates were oriented in a chevron
configuration, meaning that the angle of the channels located within the top plate was
positioned such that the channels were 180 o opposite of those in the bottom plate. This
ensured maximum amplification in signal as the electron cascade proceeded. The total
electron signal was collected by a third plate, this one composed of stainless steel,
positioned several millimeters below the bottom of the rear glass plate.
The precise distribution of voltages to each element of the detector and the
amplification of final output signal was performed by a device designed and constructed
by the Penn State Department of Chemistry Electronics Shop. This unit was responsible
for redistributing the high voltage sent to it such that the front plate of the detector
remained grounded, the rear plate received voltage equal to 90% of the total sent to the
detector, while the rear plate received 100% of the initial high voltage. The high voltage
sent to the amplifier box was typically +2000V, as the thickness of these particular glass
plates restricted the total voltage across them to be less than 2000V in order to avoid
damaging the delicate material. This voltage distribution provided a strong positive
potential gradient to continually accelerate the electrons produced in the electron cascade
and aid in amplifying the signal. Further amplification was also performed within the
amplification box following reception of the output from the MCP detector.

On

occasion, it was necessary to lower the initial voltage sent to the detector by as much as
500V to avoid oversaturating the detector in the presence of extremely large amounts of
ion signal.

2.4 Vacuum Systems

All of the experiments contained within this dissertation were performed within a
vacuum chamber. The main vacuum system consisted of two oil-based diffusion pumps,
two cold traps associated with the diffusion pumps, a turbomolecular pump, and the three
mechanical pumps used to provide a rough initial vacuum within the instrument as well
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as back the main vacuum pumps when in operation. Typical baseline vacuum for the
overall chamber was maintained at approximately 3x10 -8 torr in both chambers while the
pressures were elevated to 2x10-6 torr in the source chamber and 2x10 -7 torr in the
detection chamber during operation. These values are just averages and conditions varied
during individual experiments; however, vacuum levels within the detection chamber
were rigorously maintained at pressures lower than 1x10 -6 torr to avoid damaging the
MCP detector assemblies due to potential arcing between the interior elements of the
detectors. Thermocouple gauges were used to monitor vacuum within the chamber down
to pressures of 1.0x10-2 while ionization gauges were utilized beyond that limit.
The operating pressure within the source chamber of 2x10 -6 torr roughly
corresponds to a number density of 3.5x1010 particles/cm3 and a mean free path of
5x103cm [7]. As noted previously, these conditions led to an observable presence of
background material within our experiments and two main sources of this contamination
have been discerned. Upon introducing the focused intense femtosecond laser into the
chamber in the absence of clusters, a well-resolved background spectrum can be
obtained, an example of which is shown in Figure 2-8. The most significant species
present upon ionization were the carbon monomer, its atomic higher charge states, an
array of singly ionized hydrocarbons, as well as water and species corresponding to its
incomplete fragmentation. It should be noted that Figure 2-8 represents the observable
background contamination under typical operating conditions. As discussed above, the
majority of the background was eliminated as a result of the proper use of the deflection
plate assembly to alter the path of the background species off-axis with respect to the
mass spectrometer.
Clearly, the two main sources of chamber contamination were water and
hydrocarbons of some unknown composition.

Even at the lowest vacuum levels

obtainable in the current system, water was still present and thus was simply an
unavoidable contaminant. The most likely source of the hydrocarbon contamination was
the vacuum pump oil itself.

Further, the oil used in the mechanical pumps which

provided backing vacuum for the diffusion pumps was the most likely culprit. The
diffusion pump oil, Santovac-5® (pentaphenyl ether, which is 5 benzene rings joined by 4
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oxygen atoms between them, MW = 448 amu) has a vapor pressure of 5x10 -10 at 20oC
and there were cooling baffles in place which prevented this oil from leaving the pump
and entering the vacuum chamber itself. While these cooling baffles should also have
inhibited the flow of the mechanical pump oil; however this oil has a vapor pressure of
~8.5x10-4 at 20oC and the likelihood of this species escaping the cold trap was much
higher compared to the diffusion pump oil.

Following these findings, the previous

mechanical pump oil (VWR-19) was replaced with TKO 10 Ultra Mechanical Pump Oil,
which possessed a vapor pressure of 1x10 -8 torr at 20oC, and foreline taps were installed
between the mechanical pumps and their associated diffusion pumps. Nevertheless, the
problem has persisted despite our courageous efforts to eliminate it.
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Chapter 3

Strong Field Ionization Studies of Transition Metal Oxide Clusters

As noted in Chapter 1, the overall premise of this thesis is the elucidation of the
strong-field ionization processes as they apply to small clusters. The studies delineated in
this chapter represent an exploration into the extreme ionization behaviors of covalently
bound clusters upon exposure to strong-field radiation. Specifically, we concentrate our
experiments on small (<50 atoms) clusters composed of early group IV, V, and VI
transition metals and their oxides when irradiated with ultrashort pulses of 624nm light at
intensities of > 1x1014 W/cm2.

We found no conclusive evidence to indicate that

coherent electron motion plays a significant role in our observed multiple ionization
events. Further, we have obtained evidence that our clusters undergo enhanced ionization
most likely via the ionization ignition mechanism with possible contributions from the
so-called CREI process (please see Table 1-1 for mechanism summaries). Further, we
observe a logical progression of maximum charge states created within our clusters with
respect to their corresponding ionization energies. Specifically, the ionization of the
transition metal nuclei proceeds to a significantly greater extent than that seen for the
oxygen atoms due to the reduced ionization energies associated with the metallic species.
In the absence of complementary computational work, we provide several hypotheses,
based on our experimental findings, regarding the multiple ionization processes within
the targeted small clusters.

3.1 Introduction

The strong field enhanced ionization of clusters was first observed in the groups
of Castleman [1-3] and Rhodes [4]. The mechanisms leading to enhanced ionization in
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the presence of a strong field and the subsequent Coulomb explosion dynamics have been
thoroughly investigated for both very small (2 atoms) [5] and extremely large (>500
atoms) clusters[6], both theoretically and experimentally. For most systems, the strong
field ionization behavior of small molecules and clusters is governed by a combination of
CREI [5] and the ionization ignition mechanism (IIM) [7] while large systems obtain
energy via electron-cluster interactions and have been described as nano-plasmas [8].
Despite the development of several models and theoretical treatments, experimental
investigations into the ionization behavior and explosion dynamics of small clusters (3-50
atoms) have received notably less attention.
Past studies of small clusters have been largely focused on those species
homogeneously composed of metal (Pb and Pt) or rare-gas (Ne, Ar, Kr, Xe) atoms. It has
been demonstrated that those clusters which display a metallic bonding character undergo
extensive ionization processes which rely on the delocalized electron nature of the cluster
[9].

The coherent electron motion of the inner ionized electrons may come into

resonance with the frequency of the incident strong field and lead to a significant increase
in the energy deposited into the cluster, resulting in extreme ionization of the constituent
atoms prior to Coulomb explosion. In rare-gas clusters [10], as well as small molecules
[11], the CREI mechanism reportedly dominates the multiple ionization behavior and has
been shown to be directly related to the interatomic distances associated with the cluster
or molecule.

Specifically, at a certain interatomic distance (typically 2-3 times the

ground state interionic separation distance) the incident electric field interacts with the
target system in such a way that the barriers to inner ionization and outer ionization are
both suppressed sufficiently to lead to an increase in the ionization rate.
The transition metal oxide complexes studied in this work possess significantly
polar covalent bonding, in contrast to the rare-gas and metallic bonding schemes
discussed above.

The strong electronegativity of the oxygen species creates a

heterogeneous electron distribution between an oxygen atom and a corresponding metal
nucleus.

The effect of this electron-withdrawing character with respect to the

electronegativities of the various transition metals studied here could influence the effects
and contributions of ionization ignition as well as further ionization enhancement of the
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metal cores based on CREI. Further, a significant majority of the covalently-bound
molecular systems which have been studied possess linear chains of hydrocarbon-based
species while the structure of our clusters is relatively more close-packed, and roughly
spherical, and composed of two types of nuclei with drastically different
electronegativities.

Thus, these clusters represent a previously unexplored realm of

molecular/cluster interaction with strong fields.
This chapter, along with the following two chapters, is organized in the following
manner. First, a short summary of the pertinent experimental techniques and parameters
are provided. Secondly, in the Results section, m/z spectra are presented for the clusters
of each species as well as the highly charged ions resulting from strong-field ionization of
these clusters, along with brief descriptions of the important facets of each spectrum.
Next, analyses and discussion regarding the observed ions and ionization behaviors are
presented. Finally, an overall summary of results and conclusions are provided in the last
section.

3.2 Experimental

An extensive description of the experimental procedures used in these studies was
provided in Chapter 2, and thus only a brief summary will be given here in conjunction
with several important experimental parameters. Clusters were produced using a laser
vaporization source built in-house based on the design of Smalley [12]. Sample rods of
99% pure transition metals (Ti, V, Cr, Nb, and Ta) were ablated with the second
harmonic (532nm) of a Nd:YAG nanosecond laser (Quanta-Ray DCR®) operating at
300mW prior to being focused by a 30cm focal lens. A pulsed nozzle (General Valve ®)
provided bursts of oxygen seeded in helium (~5% O2) which passed over the plasma
created by the ablation event. Following supersonic expansion into a vacuum chamber
(held at an operating pressure of ~5x10 -5 torr) ionic and neutral clusters were formed and
subsequently skimmed into a 3mm molecular beam which propagated towards a WileyMcLaren style time-of-flight extraction region. The dual stage ion grid assembly was
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typically maintained with static voltages of +4000V and +2000V, serving the dual
purposes of deflecting any ionic species present in the molecular beam and providing a
field of appropriate strength to direct the ionic fragments resulting from the Coulomb
explosion event toward the detector.
Following irradiation, the cationic products were accelerated into the time-offlight mass spectrometer which was operated in either short-field mode (field-free region
of ~1m) or hard reflectron mode. The reflectron was held at a static potential several
hundred volts greater than the potential on the extractor plate and provided a field-free
region totaling 2m.

A beam steering assembly consisting of an Einzel lens and a

deflector plate was used to direct the ions into the field-free region. The products were
then detected via a microchannel-plate detector. Following the collision of the ions with
the detector, the resultant signal was amplified and directed into a digital oscilloscope for
averaging and data acquisition. Analysis was performed with a personal computer.
The size distribution of the target clusters was easily controlled by changing the
inner dimensions of the source’s expansion nozzle (see Section 4.2. for details). Small
clusters were selectively produced by utilizing a nozzle with a larger inner diameter of
3cm while larger clusters were created by using a nozzle of comparable length (3cm)
with an inner diameter of only 0.5mm. When possible, mass spectra of the neutral cluster
species present in our experiments were obtained by defocusing the femtosecond laser
beam to minimize the strong-field effects and allow the clusters to become singly ionized
with minimum fragmentation.
The Coulomb explosion events were triggered by a 100 fs pulse of 624nm light
generated via a colliding-pulse, mode-locked dye laser pumped with a continuous wave
VERDI® laser (Coherent) and amplified by a 6-pass Bowtie amplifier in series with three
Bethune cells. The amplification was provided by a second Nd:YAG nanosecond laser
(Spectra-Physics). Following amplification, the femtosecond pulse was directed into the
vacuum chamber and focused down to intensities approaching 1x10 15 W/cm2 using a
40cm focusing lens. The entire experiment operated at a 10Hz frequency. Certain
experiments required the use of 350fs pulses of light which were created by simply
removing a pair of recompression prisms found in the amplification section of the
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femtosecond laser assembly, allowing for consistent laser energies.

Pulse widths are

measured via a single-shot autocorrelator and laser energies are obtained using a
Coherent Power Max® power meter.

3.3 Results

In the following section, the ion spectra obtained from these experiments will be
provided in conjunction with some analysis which focuses on highlighting various
important aspects of each spectrum which will be expounded upon in Section 3.4. In
several cases, vertical dashed lines have been supplied to help guide the eye to specific
peaks within the spectra.

These lines were calculated using the overall spectrum

calibration and were intended to represent the exact m/z value at which a specific species
should appear.

3.3.1 Titanium Oxide Clusters

A representative mass spectrum of the titanium oxide clusters investigation is
provided in Figure 3-1. A mass spectrum of either the cationic or neutral clusters being
investigated was obtained for each experiment in conjunction with a mass spectrum of
the multiply charged ionic species for the purpose of demonstrating the range of clusters
being studied in this work. As shown in the figure, the spectrum was dominated by
clusters containing fewer than 15 total atoms with the maximum resolvable peak
representing Ti10O20. There was an approximate 1:2 ratio between metal and oxygen
atoms, a trend that is typical of these types of clusters formed via laser vaporization. It
should be noted that this spectrum depicts the cationic species created during these
experiments, as it was often found that observing the cationic species was more
straightforward than obtaining a spectrum containing the entire neutral cluster species,
which required ionization via the defocused CPM.
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Figure 3-2 contains the mass spectrum obtained upon ionization of the clusters via
our intense 100 femtosecond laser pulse. The mass-to-charge ratio (x-axis) is plotted
logarithmically to highlight those species with the lowest m/z ratio, i.e. the most highly
ionized atoms. As noted in Chapter 2, despite our respectable vacuum conditions, use of
such strong radiation results in the ionization of every species near the focus of the beam,
including any background molecules. Of these, we typically attribute the majority of the
background H, C, N, and O ions to the strong-field ionization of water, hydrocarbons
from the vacuum pump oil, and molecular nitrogen leaking into the chamber from
atmosphere. Several of the most significant background species have also been labeled.

3-1: Cationic mass spectrum of titanium oxide clusters.
Unfortunately, this significant presence of background ionization results in an
obscuring of several of our target species in the mass spectrum due to unavoidable massdegeneracies. Specific examples found in the titanium oxide cluster experiments are the
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overlap between O+ and Ti+3 (15.9994 amu and 15.9667 amu, respectively), C+ and Ti+4
(12.011 amu and 12.975 amu), and C+2 with Ti+8 (6.0055 amu and 5.9875 amu).
Fortunately, the isotope distribution for the titanium atoms is sufficiently well-resolved to
allow differentiation between the background species and some of the lesser populated
isotopes of the metal species. Upon reaching higher charges states, however, this isotopic
splitting becomes less significant and proves less useful in species identification; i.e. the
mass-degenerate peaks C+2 and Ti+8. Species identification is further complicated by the
fact that a simple background subtraction is insufficient for eliminating signal which
cannot be attributed to our target clusters because the background carbon, nitrogen,
oxygen, and hydrogen peaks which appear in our spectrum actually increase in intensity
in the presence of cluster ionization. This is likely due to electron impact ionization of
background species as a result of the highly energized electrons ejected from the target
clusters and thus an inescapable contamination without significantly improved vacuum
conditions.

Hence, some species identification required a combination of spectrum

calibration, isotopic identification, and background subtraction.

The results of this

analysis led to the m/z assignments and ion identifications depicted in Figure 3-2 for the
strong-field ionization of titanium oxide clusters.
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3-2: Mass spectrum of the highly charged ionic species which result from the Coulomb explosion of
titanium oxide clusters. Note the maximum observed charge states for the target species are Ti +10 and O+6.
The isotope distribution for titanium is clearly seen for charge states +1 thru +5. Any areas in which mass
degeneracies between target species and background contributions are noted. See text for details.
The maximum charge state which was unambiguously observed for the titanium
ions was Ti+10 while the O+6 signal is also fairly distinct. The m/z peak associated with
the Ti+8/C+2 shows a significant increase in intensity relative to the background spectrum,
which may or may not indicate the presence of the Ti+8 species. Likewise, the Ti+9 (m/z
= 5.32) signal was well overlapped by the O+3 (m/z = 5.333) present in both the
background and as a result of the cluster explosion. The presence of the Ti+10 (m/z =
4.79) is indicated by the small peak on the right side of the significantly more intense N +3
(m/z = 4.6689) peak. There is an unidentified peak at m/z ~ 4.166 which could possibly
be attributed to Ti+11 (m/z = 4.3545) but the m/z difference between these two is likely
sufficient to rule out such an assignment. Thus, we observe that the highest charged
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metal ion resulting from the intense ionization and subsequent Coulomb explosion of
titanium oxide clusters is the Ti+10 charge state.
Further, we clearly resolve highly charged oxygen ions ranging from the O +
through the O+6 charge state. A background scan demonstrated a maximum charge state
of O+3, indicating that the most highly charged oxygen ions are only produced via
multiple ionization of the target cluster species. This differentiation may be further
verified by comparing the KER of the oxygen signal resulting from the background gases
with that observed in the presence of clusters, as demonstrated in Figure 2-7 of Chapter 2.
It should be noted that the lack of KER peak splitting in this spectrum, and several of the
following spectra for other cluster species, is the result of the manipulation of the
voltages applied to the electrostatic ion elements to reduce splitting in conjunction with
the use of the longer field-free region to aid in attaining maximum peak separation for
facile species identification.

3.3.2 Vanadium Oxide Clusters

The second system under investigation contains the next more massive transition
metal in the row; vanadium. This species has only one dominant isotope for its metal
component and lacks a significant amount of mass degeneracy with either the background
signal or the cluster-born oxygen species.

Again, the larger component of this

distribution tends to favor a MnO2n composition and the largest resolvable cluster
contains fewer than 40 total atoms. This distribution is depicted in Figure 3-3.
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3-3: Typical cationic mass spectrum for vanadium oxide clusters.
As noted above, the highly ionized distribution resulting from the strong-field
ionization of our clusters demonstrates clearly resolved ionic charge states ranging from
singly-charged V+ up to a small amount of V +9 (Figure 3-4).

Further, these trials

demonstrate little to no contribution from nitrogen based species. The cause for their
prevalence in some experiments and absence in others is currently unknown but can
likely be attributed to the vacuum conditions of the chamber and/or the presence of
nitrogen based contaminants in either the ablated metal or clustering gas used in the
source. The relative contribution from the V+9 species is quite small and is typically only
resolvable under ideal conditions in which the small shoulder can be resolved separately
from the larger C+2 signal. Peak splitting due to KER resulting from the CE of the
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background hydrocarbons was minimized via adjustments to the extraction field voltages
and use of the reflectron mass spectrometer in long field-free mode.

3-4: Mass spectrum of the highly charged ionic species which result from the Coulomb explosion of
vanadium oxide clusters. Note the maximum observed charge states for the target species are V +9 and O+6.
The spectrum has been truncated slightly to focus on the maximum observable charge states of the metal
species.
Similarly to the titanium oxide studies, we observe oxygen ions in a maximum
charge state of O+6. Like the V+8 species, the O+5 and O+6 ions are difficult to create and
observe while typically requiring excellent ion focusing conditions and a large birth
potential. Despite their low intensity, the peaks correlating to these species arrive exactly
at the appropriate time-of-flight and thus we are confident in their presence.

The

intensity of the peaks is significantly reduced by the inherent temporal spread of the
species in the field-free region as a result of the extremely large amounts of kinetic
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energy donated to these very light mass, highly charged ions following Coulomb
explosion. In addition, the population of these ions which are ejected with such energy
that they are unable to be turned by the potential gradient in the extraction region are not
detected.

3.3.3 Chromium Oxide Clusters

The chromium oxide cluster species is the final system involving a row IV
transition metal species investigated in these experiments and completes a representative
sampling of this row, providing an interesting series of experiments for comparison.
Figure 3-5 contains a representative cationic cluster distribution used in this set of
experiments. The typical MnO2n stoichiometry associated with the previous two systems
appears to become dominant at slightly heavier clusters while lighter species tend to be
less oxygenated. The largest resolvable clusters for this experiment continued to number
fewer than 40 atoms.
The isotopic distribution characteristic of chromium is clearly resolved in the Cr +2
and Cr+3 species yet disappears for any ions which have been more fully ionized (Figure
3-6). However, due to a lack of any significant mass degeneracy issues, this feature is
not necessary for species identification. In keeping with the relative trend observed
across this row, the chromium oxide clusters produce a maximum charge state of Cr +8.
This ion is possesses a m/z of 6.4995 is not mass-degenerate with any common
background species. With a mass-to-charge ratio of 5.777, the Cr+9 species should appear
slightly to the left of the C+2 signal but its presence cannot be definitively resolved due to
the unavoidable width (resulting from a range of KER values) of the C +2 peak. It is
interesting to note, however, that there is a significant shoulder on the leftmost slope of
the C+2 signal which could potentially correlate to an underlying contribution from the
Cr+9 ion population. This likelihood will be examined in a later section.
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3-5: Typical cationic mass spectrum for chromium oxide clusters.
Also consistent with the former two systems, we observe oxygen atoms ionized
up to the O+6 charge state resulting from the Coulomb explosion of chromium oxide
clusters. Again, the contribution of this species is very low in intensity, but the signal is
clearly present in appreciable amounts. Background signal from nitrogen-containing
species is insignificant beyond the N+2 charge state.
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3-6: Mass spectrum of the highly charged ionic species which result from the Coulomb explosion of
chromium oxide clusters. Note the maximum observed charge states for the target species are Cr +8 and O+6.
As discussed in the text, the Cr +9 ion may also be present, but masked due to a near mass degeneracy with
C+2.

3.3.4 Niobium Oxide Clusters

For the niobium oxide cluster distribution (Figure 3-7) we present a spectrum
obtained via multiphoton ionization using the defocused CPM. The range is similar to
those shown before insofar as the size of the observed clusters does not exceed 40 atoms
(a cluster of 31 atoms is the largest seen here) and there is an approximate MnO2.5n
stoichiometry between niobium and oxygen. The overwhelmingly large contributions
from the mono-niobium oxide species is likely the result of cluster fragmentation
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resulting from over-excitation of the larger clusters.

It is difficult to control the

multiphoton ionization events via this defocusing approach and thus, the relative
intensities of this spectrum may not prove wholly accurate with regard to the actual
neutral cluster distribution. Regardless, the technique yields a mass spectrum which
serves as an example of the species likely present in the neutral cluster beam.

3-7: Typical neutral mass spectrum for small niobium oxide clusters. This spectrum was obtained via the
defocused ultrafast ionization laser. The CPM pulse was typically defocused by ~3cm, resulting in
intensities of ~1x1012 W/cm2.
The mass spectrum recorded following the strong-field ionization of these small
niobium oxide clusters is shown in Figure 3-8. Similarly to the zirconium oxide cluster
trials, we observe the removal of a maximum of 11 electrons from the transition metal
and a maximum of 6 electrons from the oxygen atoms. The only significant mass
degeneracy between the target species (and the background contamination) is manifested
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in the overlap between Nb+6 (m/z = 15.4844) and O+ (m/z = 15.9994) but the obvious
presence of more highly charged niobium ions is evidence for the existence of the Nb+6
species. Again, this spectrum has been plotted logarithmically along its x-axis to allow
for ease of species identification.
Another interesting facet of this spectrum is the presence of NbO +2.

The

production of multiply-charged polyatomic fragments results from incomplete charging
and/or Coulomb explosion and we observe a more significant presence of these fragments
with the heavier transition metal species. The larger size of the metal atoms creates a
more delocalized electron cloud which in turn allows the metal and oxygen atoms to
remain associated with one another despite the loss of multiple electrons. The dimers
may still fragment in the field free region, but clearly the species remain cohesively
bound throughout the ion extraction process.

3-8: Mass spectrum of the highly charged ionic species which result from the Coulomb explosion of
niobium oxide clusters. Note the maximum observed charge states for the target species are Nb+11 and O+6.
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3.3.5 Tantalum Oxide Clusters

Figure 3-9 contains a typical cluster mass spectrum for small tantalum oxide
clusters. The preferred stoichiometry appears to be MnOn for this distribution, similar to
several of the species described above.

However, the overall number of atoms

constituting the resolvable species is significantly lower than that of the previously
discussed spectra, containing clusters with a maximum of 15 atoms.

Heavier

distributions were also created and studied, and are discussed later. Regardless, as shown
in Figure 3-10, strong-field ionization of these clusters results in high ionization states.

3-9: Typical neutral mass spectrum for tantalum oxide clusters. Again, the CPM was defocused to obtain
an approximate intensity of 1012 W/cm2.
Depicted in Figure 3-10, we observe clearly discernable transition metal ions up
to Ta+10 with the presence of Ta+11 highly probably due to the sharp shoulder evident on
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the high m/z side of the O+ peak. Unfortunately, there were significant contributions
from the background in this spectrum (and throughout this set of experiments) and the
next 3 levels of ionization for the tantalum ions are nearly perfectly mass degenerate with
commonly observed contaminants. Specifically, Ta+12 (m/z = 15.07899), Ta+13 (m/z =
13.91907), Ta+14 (m/z = 12.9249), and Ta+15 (m/z = 12.06319) could be overlapped by
CH3+ (m/z = 15.0347), CH2+ (m/z = 14.0268), CH+ (m/z = 13.0189), and C+ (12.011).
Ta+16 has a mass-to-charge ratio of 11.309 is not mass degenerate with any typical
background contaminants; however, there is no evidence of signal at this value.

3-10: Mass spectrum of the highly charged ionic species which result from the strong field ionization
(I~1015W/cm2) of tantalum oxide clusters. Note the maximum observed charge states for the target species
are Ta+11 and O+6. Higher charge states of tantalum may be present but masked by the mass-degeneracies
with the background contaminants. See text for details.
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We observe the ionization of oxygen to the +6 charge state for these studies. O +5
is clearly evident while the signal for O+6 manifests itself as a shoulder on the side of a
hump in the spectrum which results from the ringing in the baseline typical of
oversaturation of the microchannel plate detector (from the overwhelming H + signal in
these experiments). Upon comparison with the background spectrum, the peak for the
O+6 ion is clearly present.

3.4 Analysis and Discussion

Based on our typical femtosecond laser parameters, we reach power densities of
approximately 1x1015 W/cm2 at the focal point of the beam. Using the equation
Up= 9.33x10-14 I λ2

3-1

where I is the intensity of the laser at its focus (in W/cm2) and λ is the central wavelength
of the incident radiation (in micrometers) we can obtain the ponderomotive potential (in
eV) associated with the laser pulse. In its simplest sense, the ponderomotive potential
represents the average amount of energy an electron can gain as it oscillates in an electric
field.

In this case, using the above intensity and a wavelength of 624nm, U p is

approximately 36.3eV. Clearly field ionization alone would be insufficient to strip more
than the first 3 electrons from any of the transition metal species studied in these
experiments (with the possible exception of the tantalum monomer, with a 33.1eV barrier
for the emission of its 4th electron). Therefore, the clustered nature of our target systems
must be enhancing the ionization behavior we observe in our experiments. The following
discussions are provided to categorize and understand this ionization enhancement.
Due to the fact that many current theories regarding enhanced ionization
processes depend on strong-field effects, it is worthwhile to determine whether our
experiments fall within this regime.

Upon reaching certain laser intensities,

photoexcitation behaviors lose their multiphoton character and tunnel ionization
processes can significantly contribute to the electron dynamics. The barrier at which this
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transition occurs is conventionally defined using the Keldysh, or adiabatic, parameter (γ).
This simple approximation is based on the ionization potential (IP) of the target species
and the ponderomotive energy of the incident electric field calculated above. In this
relationship, where
3-2

and if

>1 then ionization is dominated by MPI while values of

<1 indicate tunnel

ionization as a significant mechanism. Given the first IP of atomic niobium (6.5eV) this
equation yields a Keldysh parameter of ~0.3 while the first IP of atomic oxygen
(13.62eV) results in a value of ~0.43, both values clearly indicative of significant tunnel
ionization character.
An overview of the maximum observed charge states for all of the transition
metal oxide cluster systems described above may be found in Table 3-1. There are
several obvious trends which deserve further discussion. For the purpose of examining
these two particular trends, we shall restrict the discussion to two sets of experimental
data; those composed of transition metals in row IV of the periodic table (TixOy, VxOy,
and CrxOy) and those containing Group V transition metals (VxOy, NbxOy, and TaxOy).
3-1: Table presenting the maximum observable charge states (MOCS) resulting from the SFI of each
transition metal oxide cluster series.
Ti

V

Cr

Nb

Ta

Metal

+10

+9

+8

+11

+11

Oxygen

+6

+6

+6

+6

+6

The first trend in maximum charge states is manifested in the cluster species
containing row IV transition metals. As shown in Table 3-1, the maximum charge states
observed for the transition metal species steadily decrease with a corresponding increase
in atomic mass while the oxygen species for each cluster series result in identical charge
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states of O+6. Regarding the trend observed in the maximum charging of the transition
metal species, the reported atomic ionization energies lend some insight into this
behavior. Despite the clear presence of ionization enhancement mechanisms, several of
which manifest themselves by reducing the relative ionization potential for electrons
leaving their parent nuclei, the baseline ionization energies for the unperturbed atoms
serve as a reasonable (and convenient) template for comparing the relative amount of
energy which is donated to a particular species. Ignoring the specific perturbations
created by the ionization enhancement mechanisms, the original IE values still represent
the total amount of energy which must be donated to the electron to remove it, whether
that energy be donated via intracluster interactions or the external field.
The atomic IE values available from the literature [13] for each of the three Row
IV metal species are plotted sequentially in Figure 3-11 with the maximum observed
charge states observed in these experiments highlighted and several specific ionization
energies provided. Regarding the overall ionization energy trends displayed in Figure 311, the first several ionization energies for each species are quite similar, as expected,
with the energies of the heaviest atom slightly higher than the lighter ones due to the
additional protons exerting stronger attraction to the electrons added into the same
electronic subshell. The large jump in ionization energy for each species (5th for Ti, 6th
for V, and 7th for Cr) indicates the complete removal of all 3d electrons and the stripping
of the first 4s electron from the atom.
Initial inspection of the maximum observed charge states shows that the energy
required to ionize the 10th electron from a bare titanium atom is approximately 216eV
while the energies required to create V+9 and Cr+8 are approximately 206eV and 185eV,
respectively. The appearance of each of these three species demonstrates that, regardless
of the transition metal component, the ionization dynamics within each cluster system
proceed to an extent which enables the creation of ions requiring more than 185eV of
energy, prior to the explosive fragmentation of the cluster itself. The clear absence of the
Ti+11 ion (or any higher charge states of the other species) is demonstrative of the fact that
the most energy which can be donated to clusters of this size, under our specific laser
conditions, is somewhat less than 265eV of energy, which is required for the creation of
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that charge state. Using similar logic, we can assume that, in the absence of observable
V+10 ions, the ionization dynamics within the clusters do not allow the creation of ions
requiring 230.5eV of energy or more.

3-11: Graphical depiction of the reported sequential ionization energies for the Group IV metals and
oxygen. The energies which correspond to the maximum observed charge state for each metal are
highlighted and relevant energies are provided.
The relative mass degeneracy of the Cr+9 (5.77amu) and C+2 (6.0055amu) ions
(see Section 3.3.3 above) which results in the irresolution of the presence of the Cr +9 ion
is quite unfortunate, as its creation appears likely based on the reported ionization
energies shown in Figure 3-11. Approximately 209eV is required to remove the 9th
electron from a chromium atom, which is slightly less than that required for the observed
Ti+10 charge state. Assuming similar ionization and energy absorption processes between
the two species, the most likely reasons for the absence of Cr+9 are either the mass
degeneracy issue discussed above, or the relative intensity of the ionization laser. It has
been shown [10] that lower ionization laser intensities result in the production of lower
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charge states for small rare gas clusters, and although the laser intensity was well
monitored and maintained for the majority of these experiments, it is possible that the
maximum laser intensity was simply not as high during these trials. Although, as it will
be discussed later in the chapter, upon reducing the ionization laser intensity
approximately an order of magnitude (via pulse width expansion), identical charge states
were observed for the SFI of niobium oxide clusters.
Based on these arguments, the production of O+6 ions and the absence of the O+7
species are unsurprising. The ionization energy required for O +6 is approximately 138eV
(see Figure 3-11) and is significantly less than the energy needed to create the maximum
metal charge states. Meanwhile, the IE for O+7 (the creation of which represents the
removal of a 1s electron) requires approximately 739.3eV of energy, well beyond the
limit of energy absorption expected for these studies. This data point was omitted from
Figure 3-11 to provide a clearer depiction of the lower energy values which are pertinent
to the transition metal atomic species.
Thus, it appears that the relative ionization energies of each transition metal
species in Row IV (and their counterpart oxygen atoms) can be directly related to the
maximum charge state observed for each species. This same principle can be applied to a
rationalization of the increase in maximum charge state observed as we compare species
from the same column on the periodic table; specifically the Group V transition metals.
There is a general trend in the periodic table in which as atomic number increases within
a family, ionization energy decreases accordingly. This is due to an increase in the total
number of energy levels and the accompanying increase in shielding for the valence
electrons by the increased number of inner electrons. This phenomenon results in a
down-shifting in the atomic energy levels. This trend, although fairly consistent across a
significant portion of the periodic table, does not always hold true for the transition
metals due to the large number of delocalized valence electrons characteristic of the d
shell. However, as shown in Figure 3-12, the trend in ionization energies for niobium
appears to abide by this guideline and the values are consistently lower than those
reported for vanadium atoms.
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3-12: Graphical depiction of the ionization energies for the Group Vb metals studied in this work. The
energy necessary to create the Nb+11 ion is assumed based on the arguments provided in the text.
In fact, the energy required to remove the 10th electron from niobium (which is
the highest charge state for which literature data was available) approaches 193eV, less
than the energy necessary to create the observed V+9 ion (~206eV). Due to the fact that
the 11th most tightly bound electron of niobium would be removed from the same 4p
energy orbital as the previous 5 electrons, the increase in IP should be approximately the
same as that from the 9th to the 10th electron, ~21eV. The removal of the 11 th electron
from niobium would therefore require around 214eV, which means the appearance of the
Nb+11 ion agrees well with the previously discussed ion species from the Row IV series
and demonstrates that ions which require similar amounts of energy to create are also
produced in the presence of enhanced ionization phenomena. The appearance of O +6 in
the niobium oxide cluster experiments thus follows logically as well. Regarding the
creation of V+9 and Nb+11 under similar laser and clustering conditions, this behavior has
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been observed in theoretical [10] as well as experimental [14] work performed on several
homonuclear (albeit different in composition from those observed here) cluster systems.
In these studies [10,14], it was shown that under identical clustering conditions,
irradiation conditions, and cluster structures, the strong field ionization of clusters
composed of less massive atoms results in the production of lower-charged ions.
The ionization energy data for the third species in Group Vb, tantalum, is
truncated (Figure 3-12). However, the energies which are reported (up to Ta +5) are
consistently lower than those required to create similar charge states in vanadium as well
as niobium, likely indicating a continuation of this trend. However, as shown in Table 31, there is no clear evidence of tantalum charge states beyond the +11 charge state,
identical to niobium. Higher charged states may be present, but due to mass degeneracies
with other species, they are not resolvable in our current experiments. Interestingly, if
the ionization process does terminate with the creation of Ta +11, identical to the niobium
studies but more highly ionized than the Row IV member of Group Vb, it would not be
unprecedented. Meiwes-Broer and coworkers observed a maximum charge state of +10
for copper clusters, while Au+15 and Ag+15 were both created under identical experimental
conditions [14]. Each of these metals is also located within a single Group in the periodic
table.
As detailed in the above discussion, the highly charged ions resulting from the
strong-field irradiation of the target clusters cannot simply be originating from field
ionization, as the ponderomotive potential of the field is insufficient in magnitude.
Several enhanced ionization mechanisms have been observed both experimentally [9] and
theoretically [10] in systems containing similar numbers of atoms to those studied here.
Specifically, IIM and CREI have been shown to play significant roles in enhancing the
ionization rates of small molecules and clusters [5,7,11]. In somewhat larger clusters
(>50 atoms, typically) another mechanism begins to contribute to the ionization processes
and involves the coherent motion of inner ionized electrons within the cluster (CEMM).
It is worthwhile to note that electron recollision within a system has also been shown to
donate significant amounts of energy in various experiments [15]. However, the systems
described herein are too small to allow for any significant contributions from
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electron/cluster recombination [16], as the mean free path of the electron is larger than
the collisional cross-section of clusters this size.

Thus, effects from this particular

phenomenon will be ignored and the role of the IIM, CREI, and CEM ionization
mechanisms will be explored in more detail.
Based on the above arguments, it is reasonable to assume that any enhanced
ionization we observe in our experiments results from ionization ignition, chargeresonance ionization, and possibly coherent electron motion. Studies by Kjeldsen et al.
found that for linearly polarized light incident on an H2 molecule, the ionization rate for
the electrons was highest when the molecule was oriented parallel to the plane of
polarization of the laser [17].

Given the multidimensionality of our systems, the

probability of this preferred bond orientation would be relatively higher. Further, the
ionization behavior of electrons affected by CREI has thus far been restricted primarily to
electrons participating in bonding between two nuclei.

The effects of internuclear

distance with respect to heteronuclear, highly charged species such as those discussed
here have been largely neglected. Recently, however, research from the Bandrauk group
has shown that the characteristic “critical internuclear distance” or R c for maximum
enhanced ionization applies only to bonding electrons found in a sigma orbital [18].
Their calculations also demonstrated that electrons found in orbitals which are not
localized directly between the two nuclei experience a steady increase in ionization rate
as internuclear distance grows. Again, these calculations were performed on the H2+
dimer and thus similar effects within our systems may or may not occur. Aside from the
initial differences in electronegativity between two different adjacent atoms within our
clusters, the situation is further complicated due to the various ionization potentials for
each atomic species, leading to varying charge states within the cluster and manifesting
as a dynamically changing intercluster potential landscape.
Previous work investigating the effects of enhanced ionization mechanisms in
small- and medium-sized clusters has been performed largely by two research groups.
Rost and coworkers have performed important theoretical work on rare-gas clusters
composed of 16-30 atoms [10] while experiments from Meiwes-Broer et al. have
concentrated on strong-field ionization of small Pt and Pb clusters [9,19].

Rost’s
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theoretical work offers insight into several important properties of CREI in small clusters
[10].

Specifically, CREI is manifested most significantly in small clusters, as the

existence of an additional layer of atoms beyond the two aligned properly for the
ionization to occur would retard the outer ionization of any released electrons [20].
Secondly, CREI is not significantly frequency dependent, unlike the collective enhanced
ionization phenomena seen in larger clusters. Assuming the quasi-static approximation is
still somewhat relevant, CREI occurs under a wide range of laser frequencies, although
the actual value for Rc will change with respect to slight variations in cluster expansion
behavior under differing frequencies. Further, unlike dimers, clusters can also experience
CREI via circularly polarized light, due to the fact that there is a significant probability
that there will be two adjacent atoms aligned linearly with the laser polarization at any
given time. For further information, please see Chapter 1 of this work or the original
article from Sieschlag and Rost [10].
In order to further analyze the behavior of our small transition metal oxide
clusters upon irradiation with an ultrashort pulse of light, we have adjusted the laser
optics used in the creation and amplification of our laser pulse train to lengthen each
pulse from the standard 100fs to approximately 350fs, as described in the above
experimental section. The overall power was maintained at a constant 1.5mJ to provide
consistency between the experiments. The purpose of these studies was to determine
how laser pulse length would affect either of two possible ionization enhancement
mechanisms; CREI and/or CEMM. If CREI is the dominant ENIO mechanism, we may
or may not observe an increase in the maximum observable charge state. This is due to
the fact that if the internuclear distance within the cluster expands to the R c (for electrons
in sigma orbitals) or ionization saturation is achieved (for off-axis orbitals) within the
100fs pulse, no further enhancement would be expected. However, if either of these
conditions was previously not met, widening the pulse may enable the cluster expansion
to proceed further and thus attain greater enhancement to the outer ionization from the
cluster. In the event that CEMM is providing significant enhancement to the ionization,
widening the pulse width may still allow the cluster to expand, altering the plasmon
frequency associated with the collective oscillations of any inner ionized electrons. The
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expansion could potentially enable a resonance to occur between the cluster plasmon and
the frequency of the incident electric field, resulting in enhanced energy deposition and
finally cluster ionization. This effect was clearly demonstrated in homonuclear metal
clusters composed of 20 to 100 atoms by Meiwes-Broer et. al. and could provide some
further insight into the ionization mechanisms occurring in our experiments. It is also
worth noting that the IIM mechanism may play a more minor role in the cluster
ionization in longer pulse widths, as the charge-state on each atom would increase more
slowly, and the correlated cluster expansion would lower the influence of neighboring
atoms on one another. Shorter pulses yield less cluster expansion during equivalent
energy deposition and therefore allow IIM to be more significant.
The results from these experiments on our small clusters of Nb xOy clusters are
shown in Figure 3-13.

The graph represents the normalized populations of each

observable charge state for the niobium ions, with Nb+11 excluded due to insufficient
signal for accurate comparison and Nb+ omitted because of irresolvable overlap between
the multiphoton ionized species and those resulting from strong-field ionization. Each set
of data is normalized to the most intense peak in the spectrum, but the results are not
normalized to one another. There was no evidence of ions possessing charge states
beyond the Nb+11 species in either the long nor short pulse experiment and it is clear from
Figure 3-13 that the relative distributions of the observed ionic species are also
remarkably comparable. The significant drop in relative population of the Nb+2 thru Nb+5
ions and the more highly charged species is likely due to the fact that removing the 6 th
electron from the niobium atom (the first electron from the 4p shell) requires a
significantly larger amount of energy (~102eV) than removing the electrons leading up to
the 5th (50.55eV). Ionization enhancement mechanisms are likely required in order to
obtain sufficient energy from the strong field, but it appears that these mechanisms have
completed their influence within the original 100fs time frame represented by the short
pulse experiments. Due to the total lack of change in the maximum observed charge
states with respect to ionization pulse width, the clusters appear to be too small in size for
CEMM to have a significant effect on the ionization process.
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3-13: Normalized ion populations for the multiply charged species resulting from strong-field ionization
via a 350fs pulse (“long pulse” – black bars on the left) or a 100fs pulse (“short pulse” – red bars on the
right) of small niobium oxide clusters.
To extend this study and search for ionization beyond the limits of our previously
observed charge states, we next took advantage of the flexibility inherent in our laser
vaporization source. By employing subtle changes in the source conditions, as well as
the source itself, we were able to produce a cluster distribution which contained and
centered at significantly larger clusters of transition metal oxides. Figure 3-14 contains a
graph demonstrating the shift to larger masses. This graphic representation shows the
total number of atoms per cluster and their relative populations within their individual
mass spectra, a much clearer and more useful depiction than the mass spectra themselves.
As shown in the graphic, the lighter cluster distribution is centered around clusters
composed of approximately 11 atoms while the heavier distribution contains significant
populations of clusters composed of up to 35 atoms. The heavy distribution is centered
around an average of 20 atoms, but remains fairly uniform in contributions from various
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clusters throughout the spectrum.

These sizes become significant in that enhanced

ionization from coherent electron motion was clearly demonstrated in homogeneous
metal clusters of approximately the same average number of atoms [19], as noted above.
Specifically, the Meiwes-Broer group reported observations of Pt +5 following irradiation
with a 140fs pulse but Pt +9 ion production with a 290fs pulse using 800nm light [14].
Despite our similar cluster size (~20 atoms vs. ~22 atoms, on average), similar
wavelength (624nm vs. 800nm), and similar pulse width expansion (100fs to 350fs vs.
140fs to 450fs), we did not observe any further ionization beyond the Nb+11 charge state,
as observed for both pulse widths. Further pulse expansion to ~600nm also revealed no
increase in maximum charge state. We therefore conclude that it is unlikely that CEM
plays a significant role in our experiments, as this mechanism is quite sensitive to
changes in pulse width.

3-14: Comparative, normalized distribution of small (lower, black line, Series 1) niobium oxide clusters
plotted with the heavier distribution (upper, red line, Series 2).
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Because the expected ionization enhancement from CEMM is due to a shift in the
cluster plasmon frequency as a function of cluster expansion, we performed kinetic
energy release measurements to ensure that our clusters were, in fact, expanding to a
greater extent when irradiated with the longer laser pulse.

The results of these

measurements are shown in Figure 3-15. As expected, the more gentle leading edge of
the 350fs pulse lead to slower outer ionization from the cluster and allowed the cluster to
expand to a greater extent than that observed with the 100fs pulse. This lead to larger
distances between cluster ions prior to Coulomb explosion and resulted in lower kinetic
energy obtained for each ion.

3-15: Kinetic energy release (KER) values for selected niobium and oxygen atoms to demonstrate cluster
expansion during ionization via 100fs vs. 350fs pulse widths.
Data for several charge states of both the niobium and oxygen ions are provided
and demonstrate clear differences in the measured KER for each species. These species
in particular were chosen because their kinetic energy splitting in the mass signal was
well resolved within the same potential gradient in the mass spectrometer. Nb+6 was
omitted due to its similar m/z ratio with the large signal from the O + ion. Similarly, O+4
was not included due to its mass degeneracy with background signal from C+3. Thus, we
have demonstrated the occurrence significant cluster expansion, yet we do not observe
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any enhancement (or degradation) in the maximum ionization state of the atoms within
the cluster as a result of various pulse widths.
Based on our observations, it is clear that there are no significant collective
electron effects participating in the ionization enhancement of our irradiated cluster
systems. There are several possible explanations for this. Despite the similar number of
atoms between our experiments and those performed previously by the Meiwes-Broer
group, it is the electron density which is most important in creating an environment in
which collective effects can be created. Given the ionic-covalent nature of the bonds
within our clusters, the overall electron density may not be sufficient in comparison to
metallically bound clusters of similar composition number.

Calculating accurate

structures for clusters of this size is fairly demanding and as such, little theory has been
performed on clusters containing this many atoms. One group, however, has recently
performed theory work on vanadium oxide clusters in this size regime [21] and thus
progress on these calculations may soon be forthcoming.
A second potential explanation focuses on the heteronuclear nature of our
clusters. CEMM relies on the collective oscillation of electrons through the background
field of the cluster ions, and as such, an inhomogeneous field, such as that expected from
the multiple ionization of our heteronuclear clusters, likely fails to provide an ideal
environment for the creation of a plasmon, as there would be ionic “hot-spots”
throughout the cluster whenever the constituent atoms were ionized to differing charge
states.

To our knowledge, theoretical work on this type of behavior has not been

published, and thus it would be worthwhile to investigate the possible influence of
various ionization mechanisms within heterogeneous clusters such as ours.
Thirdly, while the average number of constituent atoms per cluster in our
experiments was comparable to those reported by Meiwes-Broer and coworkers, the
maximum reported cluster sizes differ significantly. We did not observe the presence of
clusters containing more than 40 atoms within our distributions, whereas the studies on
pure metal clusters reported the production of clusters containing a maximum of ~100
atoms. As such, the coherent electron motion ionization enhancement reported in those
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studies may be due to dynamics which only took place for the largest species in the
distribution and, as such, would not be observable in our smaller clusters.
Finally, differences in cluster expansion rate could factor in to the fact that we do
not observe ionization enhancement in the presence of a longer pulse width. The ioniccovalent bonds which hold the transition-metal oxide clusters together are typically
shorter (~2Å) than the internuclear distances associated with the metallic bonding of pure
metal clusters (~3Å). Thus, the initial Coulomb repulsion between ion cores would be
stronger in the metal-oxide complexes, in addition to the fact that the less massive
oxygen atoms are typically located on the exterior of the cluster and would therefore
obtain proportionally larger amount of KE during repulsion. Despite the fact that the
metal-oxide clusters of comparable numbers of nuclei would initially exist in a more
compact structure than fully metallic counterparts, the heteronuclear clusters could also
undergo more rapid expansion and therefore grow to dimensions which allow a plasmon
resonance to occur within the short pulse width offered by the 100fs pulse experiments.
If this was the case, no improvement in ionization enhancement would be observed
utilizing a longer pulse width. In fact, Meiwes-Broer et al. observed [9] that upon
widening the pulse too much (typically 1000fs or so in their work) the maximum charge
states would actually decrease.
As discussed in the introductory chapter of this thesis, theoretical work regarding
strong-field ionization in molecules and clusters is limited due to the intense
computational workload inherent in dealing with complex multi-electron dynamics which
occur in polyatomic systems. To further complicate the matter, the ionization rates of
transition metal atoms are notoriously difficult to predict, as the multiple delocalized
valence electrons associated with transition metals prohibit the use of traditional singleactive electron approximations [22]. Significant screening can occur as the incident
electric field polarizes the atom and increases the potential barrier retarding the ejection
of valence electrons and thus lowers the field ionization rate below that which is
predicted by SAE models.

Thus, any theoretical investigations would be fairly

complicated if a simple model could not be used in lieu of exact calculations.
Regardless, theoretical work on heteronuclear molecules and clusters with multivalent

82
atoms and drastically different electronegativities and ionization energies would certainly
be very interesting and pertinent to a variety of systems.

3.5 Conclusions

In conclusion, our strong-field (I~1015W/cm2)ionization experiments on small
transition metal (Ti, V, Cr, Nb, Ta) clusters yielded a variety of maximum charge states,
seemingly correlated with the periodic trends in ionization energies associated with the
atoms which comprised the clusters themselves. All of the observed charge states extend
well beyond what was feasible based purely on the field ionization of the atomic species.
Therefore, enhanced ionization must be occurring within the cluster as a function of the
superposition of the external electric field and the internal potential landscape of the
cluster itself.

We observed an increase in maximum charge state as a function of

increasing atomic mass for the Group Vb experiments while observing lower maximum
charge states for increasing mass for the Row IV species investigated. Each of these
findings is rationalized within the limits of the ionization energy data available in the
literature. Surprisingly, we find that charge states are created for each species which
correspond to the deposition of nearly identical amount of energy due to the laser-cluster
interactions, regardless of the identity of the transition metal constituting the cluster.
Further, we performed experiments investigating the effects of pulse width on
niobium oxide clusters of two different mass ranges in an attempt to qualify the
ionization enhancement phenomena which contributed to the creation of our highly
charged ions. However, we reported no difference in maximum observable charge state,
based on neither cluster size nor pulse width. Based on these observations, it was clear
that there were no significant contributions from collective electron motion within a
cluster plasmon.

Hence, we concluded that the most likely ionization enhancement

mechanisms were IIM and CREI, and that the effects of CREI were completed within the
initial pulse width of 100fs.
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Chapter 4

Strong Field Ionization Studies of Homogenous Transition Metal Clusters

In a systematic attempt to experimentally further our knowledge regarding the
ionization mechanisms which are applicable to the irradiation of a small cluster with an
intense, 100fs pulse of light, we have performed strong-field ionization studies on small
homogeneous transition metal clusters. These studies serve as excellent comparisons to
the complementary work presented in Chapter 3, as niobium and tantalum oxide clusters
composed of similar numbers of atoms were well characterized therein. Here, we present
experimental observations regarding maximum charge states and discuss possible
implications regarding the strong-field interaction with the cluster and the subsequent
ionization mechanisms. It is shown that the maximum charge states created are identical
to those observed in the transition metal oxide cluster trials and that pulse width has no
observable effect on the maximum charging of these small clusters. Furthermore, the
ionization ignition and enhanced ionization mechanisms are proffered as the most likely
sources of the observed ionization behavior

4.1 Introduction

The interactions between intense pulses of femtosecond duration light and matter
have become the subject of a novel and exciting field of physics and chemistry. To date,
target materials have ranged from single atoms [1] to clusters [2] to transparent solids [3]
while the duration of the irradiative pulses have extended from nanoseconds [4] to
attoseconds [5] while spanning wavelengths from the IR [6], to the VUV [7] and beyond
to the x-ray regime [8]. Not surprisingly, changes in any of these factors can lead to
significant variations in the ionization behaviors within the target system. Further, it has
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been discussed both in the previous chapter of this thesis and elsewhere [9] that the
maximum ionization state attainable via strong-field interactions can be greatly enhanced
by collective and/or cooperative behaviors within a multinuclear system (see Chapter 1
for details).
The majority of small homogeneous clusters which have been studied to date have
concentrated on rare-gas clusters (see, for example, the work of Castleman et al. [2] and
Siedschlag and Rost [10]) with some attention given to metallic clusters (notably the
work of Meiwes-Broer and coworkers [11]).

In their simulations on strong-field

ionization of 16-30 atom rare gas clusters, Siedschlag and Rost observed enhanced
ionization primarily via ionization ignition (IIM) and the cluster equivalent of the
molecular enhanced ionization process (ENIO) (please see Ch.1 for a summary of these
mechanisms). Interestingly, the authors did not report any collective electron effects and
attributed this to the fact that the target clusters were too small to retain the inner ionized
electrons required for such behavior. Amongst many other observations, their studies
also showed a relative insensitivity of the ENIO mechanism to cluster size (Ar 16-Ar30) as
well as the incident laser frequency (assuming the ionization/tunneling response of an
electron in a potential well occurs on a much faster time scale than the oscillatory motion
of the incident laser field: i.e. the quasi-static or adiabatic approximation).
Those observations are in contrast to the results from the experiments of MeiwesBroer et al. [11]. Specifically, in their studies of small (<100 atoms, average of ~20)
homogeneous platinum clusters, Meiwes-Broer and coworkers observe a dramatic effect
on ionization efficiency due to collective effects; namely the creation of a plasmon within
the cluster. They have also performed studies of other coinage metals [12] and observed
the same behavior; however, these later studies focused on clusters containing some
22,000 atoms and thus are not directly comparable to the work presented here.
Nonetheless, in both of these scenarios they attribute the ionization enhancement to the
preferential transfer of energy from the external field to the cluster upon attaining a
resonance between the collective motions of inner ionized electrons and the incident laser
pulse. This resonance is enabled via the dynamic frequency of the cluster plasmon,
which gradually lowers as the cluster expands (due to the Coulomb repulsion of the ion
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cores initially created by the leading edge of the laser pulse) until it matches that of the
incident radiation.

Thus, longer pulse widths (although pump-probe studies have

demonstrated this phenomenon as well) are required to allow the cluster time to expand
while still under the influence of the laser pulse.
This behavior is not at all unexpected, as other studies have shown the dynamic
polarizability of transition metal atoms [13] as well as clusters [14] to have significant
influence over their ionization rates and behaviors when exposed to strong electric fields.
Specifically, it was determined that the ionization rates of neither the atomic nor clustered
transition metal systems can be predicted by a single-active electron approach due to the
considerable influences of the characteristic delocalized electrons associated with these
elements. Dynamic screening due to non-adiabatic polarization of the valence electrons
leads to an inhibition of the ionization process [14]. In another manifestation of this
polarizability, recent studies have demonstrated that early transition metal clusters
(specifically Group Vb metals) exhibit ferroelectricity [15] (formation of a spontaneous
electric dipole) and ferromagnetism [16] at low temperatures. As such, the delocalized
electrons within transition metal clusters clearly manifest themselves as substantial
contributors to the energetic dynamics involved in the strong-field ionization of a metallic
system.
In this work, we present our findings regarding the strong-field ionization (SFI)
behavior of small, homonuclear clusters composed individually of niobium and tantalum
atoms. We utilized time-of-flight mass spectrometry to ascertain the highly ionized
products resulting from this ionization and the subsequent Coulomb explosion. Further,
the pulse width of the ultrashort ionization laser was extended to determine whether
collective electron effects played a significant role in the enhanced ionization we
observed.

Comparisons are also made between the results of this work and the

heteronuclear studies reported in Chapter 3.
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4.2 Experimental Details

The majority of pertinent experimental particulars have been provided in Chapter
2 but some additional steps were employed in the preparation of atomically pure
homogeneous clusters.

It was vital that any source of oxygen contamination was

removed from the clustering gas (He), the gas lines, the sample rod, and the source itself,
as oxygen preferentially binds to the transition metals studied in these experiments. The
presence of oxygen can thus retard and/or eliminate the possibility of creating
homogeneous metal clusters. Thus, these sample preparation methods are discussed in
combination with a short review of the standard techniques used in our SFI studies of
clusters.
Briefly, a laser vaporization (LaVa) source was utilized in the creation of a
relatively narrow distribution of clusters composed of pure transition metals. Following
the production of the cluster beam (containing both ionic and neutral clusters) and
subsequent skimming to better define the dimensions of the beam itself, the clusters
encountered the time-of-flight mass spectrometer (TOF-MS). A static potential was
maintained across the ion extraction assembly, deflecting cluster ions. Shortly after
entering the extraction region, the remaining neutral clusters were ionized with an
ultrashort laser pulse.
The ionizing laser beam was supplied by a colliding pulse, mode-locked (CPM)
dye laser. Ultrashort pulses (100fs or 350fs) of broadband light centered at 624nm were
produced at 10Hz. Prior to crossing the cluster beam line, the femtosecond laser was
focused down to intensities of approximately 1x10 15 Wcm-2. The pulse train was focused
down to arrive about 0.8cm from the repeller plate (approximately halfway between the
repeller and extractor plates, ~1.65cm apart). Further, the axis of polarization for the
laser was aligned parallel with the direction of product ion propagation in the mass
spectrometer. The background pressure within the vacuum chamber was maintained
below 5x10-8 torr while rising to 5x10-6 torr while under operation.
Creating pure transition metal clusters required a meticulous approach to
cleanliness due to the fact that the transition metal atoms were much more likely to
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cluster with carbon and oxygen atoms than they were other atoms of their own species
[17]. In the most general sense, this was due to the fact that both the carbon and oxygen
species were much more electronegative than the early transition metals studied herein.
Thus, the combination of an electronegative species (carbon or oxygen) and a slightly
electropositive species (a transition metal) lead to a preferential sharing of electrons and
more facile routes to both bonding and clustering. Pure metal clusters however, lack the
ability to form these ionic-covalent bonds. Rather, pure metal clusters are held together
with metallic bonding, in which electrons are delocalized and shared as they interact with
the positively charged metallic cores of the atoms being bound together. Therefore
improvements in both the clustering and cooling conditions for these experiments were
necessitated to create pure metal clusters.

It should be noted that the following

procedures and methods were either adapted from or directly influenced by previously
published techniques, most specifically [18,19].
The first step in obtaining pure clusters was the elimination of species to which
the transition metals would preferentially bond with. To this end, several measures were
taken to eliminate any oxygen or carbon containing species from the reactant gas, target
metal rod, and surrounding cluster source. To reduce/eliminate the oxygen in the cooling
gas necessary for clustering, ultra pure (UHP, grade 6.0) helium was used in place of the
typical high purity helium. Unfortunately, despite the ultra high purity of this gas, there
were still some contaminants (specifically H2O) which needed to be eliminated. Further,
any gas line tubing used to connect the helium cylinder and the LaVa source represented
another potential source of oxygen. Thus, all connections and tubing were made from
stainless steel, affording several advantages. Stainless steel is more resistive to oxidation
than other metal options, such as copper, and thus reduces the chance of an oxide layer
forming within the walls of the sample lines and contaminating them. Teflon tubing is
typically an excellent alternative for these applications, but does not allow for the
application of intense heating, removing the option of baking the sample lines out to
remove any oxygen or water buildup. Further, the source typically must be operated for
30-120 minutes before pure clusters were produced. This was attributed to oxidation on
the surface of the transition metal rod, as it has been found that oxygen atoms may be
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embedded several monolayers deep within the crystal structure and this oxygen must be
removed via laser ablation to eliminate it.
The implementation of stainless steel sample lines also enabled the following
modifications and procedures to be incorporated. First, a section of the new stainless
steel tubing was twisted into a coil comprised of 5 full turns of the tubing with the inlet
and outlet ends of the tubing at the top of the coil. The coil was wrapped tightly enough
that it could fit into a small Dewar container. During operation, this Dewar was filled
with liquid nitrogen (~77K/-321oF/-196oC) to act as a cold sink and freeze any
contaminants (especially H2O) which may reside in the ultra-pure helium and could
introduce oxygen or carbon into the system. It should be noted, lengthy operation in this
manner can lead to enough ice buildup that the gas line becomes clogged, at which time
the tubing must be warmed back to room temperature and the steps delineated below
must be followed to clean the tubing and remove the water. Note: any time the stainless
steel sample line experiences a significant increase in temperature, it should be vented
while being continuously purged with UHP helium. Taking these precautions will ensure
the line remains free from exposure to (and contamination from) atmosphere while
preventing any potential explosions which could result from the rapid expansion of the
evaporating (or subliming) frozen contaminant gases.
Prior to operation, and on the occasion of a clog, the Dewar was removed and the
entire length of sample line was baked out using an acetylene torch with the intent of
desorbing any undesirable species from the interior of the tubing. All joints were sealed
tightly with the exception of the final coupling between the tubing and the inlet into the
chamber itself (to allow gas to escape during heating and expansion) and, in the presence
of a continuous flow of UHP helium, the line was baked out for 5-10 minutes to remove
any water, oxygen, or other contaminant species which may have built up on the inner
walls of the sample line. Following the bake-out, the line was continually purged with
the ultra-pure helium to aid in cooling before the final coupling was tightened and the
sample line sealed. Thus, the majority of oxygen containing contaminants were removed
from the sample line.
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In the aforementioned heteronuclear transition metal oxide studies, a sample rod
of the transition metal of choice was ablated using the second harmonic (532nm) of a
Nd:YAG nanosecond laser operating at typical powers of 2-4 watts while a solenoid
pulsed nozzle delivered a mixture of gas (~5% oxygen seeded in pure helium). As the
laser ablated the sample rod it created a plasma with which the pulse of gas contributed to
and interacted with, allowing for the formation of clusters as this dense mixture of ions
interacted and collisionally cooled. In the present experiments, these same conditions
were required and provided; however, the nature of the clustering process was less facile
due to the lack of oxygen atoms to aid in both the clustering and cooling aspects of the
procedure. Thus, in order for the creation of neat clusters to take place, the source
geometry and operating conditions were slightly modified.
In this vein, the second step in producing pure clusters involved the
aforementioned geometrical and operational modifications to the laser vaporization
source.

In the past, several source parameters have been found to be vital to the

clustering of certain atomic species, as well as to adjust the extent of clustering in other
systems. These parameters affected one or both of two things; namely, the number of
collisions/interactions between the ionized materials within the source and the extent to
which energy was removed from these systems to aid in creating stable clusters.
Physically, these conditions were usually modified by increasing the backing pressure of
the sample gas, substituting larger inert atomic species for use as a carrier gas, changing
the dimensions of the waiting room area within the source, and altering the diameter,
shape, and/or length of the expansion nozzle. Further, the expansion nozzle and/or the
entire source can be externally cooled by a circulating liquid nitrogen line to aid in
cooling and stabilization of the cluster species, although incorporating that method into
the current work would be extremely arduous due to structural restrictions. Regardless,
creating clusters from species which typically resist clustering for energetic reasons
required a set of source conditions that increased the number of collisions between the
target atoms while removing as much energy from the clusters, once formed, as possible.
It is worth mentioning that a formula has previously been developed to aid in
quantitatively relating several of these factors. Referred to as the Hagena formula [20], it
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can be useful in determining methods of improving clustering conditions and the
approximate size clusters which will be produced.

This equation is based on

experimental data and can be useful as a guideline in determining the potential extent of
clustering as it results from a free jet expansion under specific experimental conditions.
However, the Hagena equation was not fully incorporated into the methods and approach
described here, therefore further improvements may be feasible.
For these particular experiments, aside from varying the backing pressure of the
helium cooling gas, a significant change was made to the dimensions of the expansion
nozzle in the LaVa source, which resulted both in an elevated internal source pressure as
well as improved collisional cooling conditions. By replacing the typical bi-conical
nozzle with a linear tube of greater length and narrower inner diameter (see illustrations
in Figure 4-1), the pressure inside the waiting area was increased and collisions with the
expansion nozzle, acting as a heat sink, were also greatly increased. Specifically, an
expansion nozzle which was 38.5mm long and had an inner diameter of 1.5mm
throughout its entire length was fabricated and used in these experiments. Thus, the
production of (nearly) pure transition metal clusters was performed.
Based on the reasonable successes experienced with the transition metal oxide
studies, neutral mass spectra were obtained for the pure clusters studied herein. As
before, this was accomplished by defocusing the CPM ionization beam to the point at
which single ionization events dominated the energetic processes and the ionized species
were detected via the TOF-MS. These spectra and the ion data resulting from strongfield ionization are presented in the following section.
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4-1: Illustrative depiction of the LaVa source change required for the creation of pure metal clusters. The
source used in previous experiments (a) remained primarily the same, with the exception of the
implementation of a different expansion nozzle (b). The new nozzle was slightly longer (38.5mm) and
much narrower (1.5mm) throughout its entire length. This nozzle also decreased the size of the waiting
room, increased the pressure inside the source, and aided in removing additional energy from the system to
stabilize the pure metal clusters. Several important components of the source are labeled for clarity.

4.3 Results

This section contains the data resulting from these experiments on SFI of
homogeneous metal clusters, including some rudimentary analysis to explain the data.
The following figures present the neutral cluster (obtained via defocused CPM with
intensities of ~1012 W/cm2) and strong-field (~1015 W/cm2) ionized atomic mass spectra
results.

The mass spectra depicting the highly charged ions have been somewhat

truncated to maximize the clarity of the important species; namely the highest charge
states of the transition metals themselves. Further, for each of the multiply-charged
product spectra, dashed lines have been provided to guide the eye, each of which is
positioned at the exact m/z ratio predicted by an overall calibration line. Treatments such
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as these proved highly useful for identification of the Maximum Observable Charge State
(MOCS) for each experiment.

4.3.1 Pure Niobium Cluster Studies

The first of two sets of pure transition metal clusters studied within this work
were composed of niobium atoms. Figure 4-2 contains a mass spectrum of the neutral
clusters created by the laser vaporization source. The figure is a combination of two
spectra, as two different deflector plate voltages were required to observe the lighter and
heavier cluster species. This was done solely to observe the entire cluster distribution
and such changes did not affect the strong-field ionization aspect of the experiments. As
shown in the figure, the majority of niobium clusters contained between 5 and 17 atoms,
with very little influence from clusters possessing more than 26 atoms. As evidenced on
the earliest peaks in the spectrum, there was still some oxygen contamination on the
clusters, despite the rigorous steps taken to eliminate its presence.

This was not

unexpected, as most published “pure” homogeneous clusters of transition metals still
contain some small amount of oxygen [19]. However, it appeared that not more than one
oxygen atom was found on our first few clusters and this was unlikely to drastically alter
the metallic bonding character of the clusters, especially for the larger species.
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4-2: Typical cluster distribution for the neutral homogeneous niobium species. Note that this spectrum
was obtained via the defocused CPM beam by translating the focusing lens approximately 3cm away from
the maximum focus position, thus reducing the laser intensity to ~10 12 W/cm2 thus minimizing multiple
ionization events to enhance single ionization. The figure is a combination of two spectra to enable a
complete depiction of the entire cluster distribution.
Figure 4-3 contains the subsequent ion spectrum of the products resulting from
exposing the pure clusters to an intense 100fs pulse. As detailed in Chapter 3, there was
some contamination from background gases which resulted in the observation of carbon,
oxygen, and nitrogen ions, but the levels were quite low and did not interfere with species
identification. The highest observable charge state for the transition metal was Nb +11,
seen as a small shoulder to the right of the O+2 signal. The calculated m/z ratios are
indicated by the dashed lines which highlight the presences of our highly charged ions.
KER splittings are clearly resolved for the Nb+3 through Nb+7 species. Figure 4-4 shows
the resulting ion products upon ionization via a 350fs pulse, and the MOCS there was
also Nb+11.
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4.3.2 Pure Tantalum Cluster Studies

Like Figure 4-2 for the neutral niobium clusters, the spectrum shown in Figure 45 was also the resulting combination of two distributions of neutral pure tantalum
clusters, each obtained using a slightly different deflector voltage in order to present a
more complete depiction of the cluster species present in our molecular beam. As shown
in the figure, the majority of our tantalum clusters contained fewer than 22 total atoms.
Similarly to the pure niobium clusters, there was some evidence of a single oxygen atom
bound to several of the smaller clusters.

Interestingly, there was also evidence of

multiply charged clusters in this mass spectrum.

The significantly larger size and

metallic bonding nature associated with these clusters allows for the loss of multiple
electrons due to multiphoton ionization without necessarily resulting in the fragmentation
of the entire cluster [21]. Evidenced in the mass spectrum, it appeared that the clustering
of a minimum of 9 tantalum atoms were required for the manifestation of this
phenomenon.
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4-3: Mass spectrum resulting from the SFI of neutral homogeneous niobium clusters via a 100fs laser pulse.
Note the maximum observable charge state is the Nb+11 ion.

4-4: Mass spectrum resulting from the SFI of neutral homogeneous niobium clusters via a 350fs laser pulse.
Note the maximum observable charge state is the Nb+11 ion.
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Figures 4-6 and 4-7 contain the resulting ion spectra following cluster ionization
with an intense (I~1x1015 W/cm2) 100fs and 350fs pulse, respectively. Dashed lines have
been provided to guide the eye in identifying specific species. It appeared that there was
some evidence of the Ta+11 species while the Ta+10 was clearly present in both spectra.
The spectrum resulting from the 100fs ionization pulse was taken using the short field
free region and a voltage gradient which provided ample opportunity for KER splitting to
be appreciably manifested. Figure 4-7, showing ionization from the 350fs pulse, was
obtained using the long reflectron field-free region in conjunction with an Einzel lens
which yielded improved mass separation but sacrificed any available KER data.

4-5: Typical cluster distribution for the neutral homogeneous tantalum species. Note that this spectrum
was obtained via the defocused CPM beam and is a combination of two spectra to enable a complete
depiction of the entire cluster distribution.
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4-6: Mass spectrum resulting from the SFI of neutral homogeneous tantalum clusters via a 100fs laser
pulse. Note the maximum observable charge state is the Ta+11 ion.

4-7: Mass spectrum resulting from the SFI of neutral homogeneous tantalum clusters via a 350fs laser pulse. Note
the maximum observable charge state is the Ta+11 ion.
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4.4 Analysis and Discussion

The focused laser intensity for these experiments approached 10 15 W/cm2, which
yielded a maximum ponderomotive potential of UP ~ 36eV. The experiments were
performed within the 1>γ>0 regime in which tunneling ionization and strong-field effects
in general were expected to become important mechanisms in the electromagnetic fieldmatter interaction.

The initial ionization potentials for the niobium clusters in our

experiments have previously been determined experimentally [22] to range between
6.2eV (for Nb2) to 4.53 (for Nb15) while the first IP for a lone niobium atom is 6.76eV.
In fact, based purely on a single active electron approach, and neglecting all multielectron screening processes, it appears that the first 3 or 4 valence electrons could easily
be removed from a niobium atom (or a tantalum atom) via simple field ionization.
However, in our experiments with a 100fs pulse width we observed the
production of Nb+11 and Ta+11 ions as a result of strong field ionization! This indicated
ionization well beyond the valence shell of each species and clearly beyond any simple
approximations based on field ionization alone.

Unfortunately, attempts to perform

strong-field ionization on the monotonic metals were unsuccessful and thus could not be
produced for comparison to the cluster studies. We expect that the difficulty in the
atomic ionization study of the metals is similar to that which makes mass-selected cluster
experiments so difficult; namely the inability of our laser vaporization source to produce
enough total quantity of the target atom to allow appreciable observation of the resulting
ion signal. Regardless, it is obvious that the clustered nature of our chosen targets plays
an integral role in enhancing the ionization behavior we observed.
The aforementioned delocalized electron character of metal clusters could play an
important role in their ionization behavior insofar as the bonding electrons are easily
ionized.

Thus these electrons would be available for participation in ionization

enhancement mechanisms, assuming they remain inner ionized and are not immediately
ejected away from the influence of the cluster nuclei. However, it was unlikely that these
first few electrons were retained within the confines of our clusters, based purely on their
small size [9]. Further, it has been demonstrated that electron-ion recollision effects play
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a sufficiently minor role in the strong field ionization of small clusters [23] that they may
ultimately be neglected in the following discussion and analysis. Thus, we focus on the
influences of IIM, ENIO, and CEMM as they related to our target cluster systems.
Further, we discuss how their individual manifestations could be affected by the different
cluster characteristics embodied by our Group Vb transition metal clusters, the small
platinum cluster investigated by Meiwes-Broer and coworkers, and the metal-oxide
species discussed in Chapter 3.
The influences of IIM are generally thought to be universal, in that the inner
electric potential landscape within the confines of the cluster itself is constantly changing
as ionic cores within the cluster begin to be born as a result of field ionization (initially)
and ionization enhancement mechanisms (later). Thus, the significance of this effect is
often glossed over and assumed to be present while not existing as the main mechanism
of interest. For the most part, this approach was also taken in these discussions, as a lack
of theoretical treatment makes such arguments decidedly difficult. Thus, our attentions
turned to the subsequent ionization enhancement mechanism which appeared to be
manifested in these studies; ENIO.
ENIO was the most likely mechanism responsible for the significant enhanced
ionization (EI) observed in these experiments and we offer several experimental details
which led to this conclusion. From our experiments, we consistently observed identical
maximum charge states for each of our two cluster species in the presence of various
ionization laser pulse widths. In cases where coherent electron motion is a potential EI
mechanism, longer pulse lengths have invariably led to steady increases in maximum
charge state [24] as the cluster has the opportunity to expand and bring its plasmon
frequency into resonance with that of the incident laser field. This plasmon is based on
the same Mie frequency attributed to larger clusters and nanoparticles, and it is dependent
on the size, electron density, shape, etc of the system. In support of this, the bulk of the
reported experiments performed on small to medium sized clusters observe EI resulting
from CEM, which is indicated by increased maximum ionization states being created by
widening the pulse width from ~100fs to 3-4 times this width.
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Our lack of change in max charge state indicated that our EI is likely completed
within the shorter pulse time and therefore had little dependence upon pulse width,
assuming the pulse was of sufficient duration to allow the necessary expansion for the
ENIO mechanism to proceed. It has been shown that in order for ENIO to proceed at an
enhanced rate, the internuclear distance between two neighboring atoms must approach a
critical internuclear distance, R c. This Rc is attained via the cluster expansion which
occurs based on the Coulombic repulsion experienced by atoms within the cluster once
field ionization has created the initial ion cores. This phenomenon was first found to
manifest itself in dimers but has since been extended to small molecules and clusters [9].
For electrons localized in sigma orbitals, this mechanism has the greatest contribution at
interatomic distances of approximately 2-3 times the ground state distance [10]. Further,
it is known that the expansion required to reach the Rc for ENIO, is smaller than that
needed for CEM to come into resonance with the electric field (dependent upon the
frequency of the exciting laser pulse, of course) [9]. Thus, the R c for our clusters could
be reached during the 100fs pulse and due to a lack of collective effects, no further EI
occurs in the presence of a longer pulse.
Another argument in favor of ENIO and against CEM focuses on the small
dimensions of our target clusters. In general, plasmon effects are more readily realized in
larger systems in which inner electron ionization dominates. Our clusters were small
enough that the majority of electrons which were ionized were carried outside the
influence of the cluster itself by the electric field and were immediately outer ionized,
inhibiting the formation of a substantial plasma within the cluster.

These smaller

dimensions are ideal for ENIO, however, in that any electron which was ionized could
likely escape the cluster with a minimal chance of encountering the restraining influence
of another ionic core, due to the lack of an extensive shell structure within the cluster.
Further, it is clear that EI is occurring within the 100fs pulses, as Nb+11 and Ta+11
ions are created during that short pulse, and even with our somewhat higher frequency
(compared to the typical 800nm from a Ti:saph laser), it is unlikely that enough cluster
expansion is occurring for the creation of a plasmon resonance. In coming to these
conclusions, we present a stark contrast in EI mechanism to that observed in one of the
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few comparable systems reported to date, platinum clusters.

While not directly

comparable with respect to laser conditions and cluster composition, both sets of
experiments are relatively similar. In spite of this, the results of the two are quite
different.
Specifically, Meiwes-Broer and coworkers observed the creation of Pt +5 ions as a
result of ionization using a 140fs, 5mJ pulse while a 290fs pulse of the same energy
yielded ions as highly charged as Pt +9, with maximum charging (Pt +11 for this energy)
resulting from a 600fs pulse.

One significant difference in the two target systems

between these two sets of experiments, aside from the identity of the constituent
transition metals, is the sizes of the clusters themselves. Meiwes-Broer et al. approximate
(based on observed cationic and anionic species) that their clusters contain an average of
20 to 100 total platinum atoms. On the contrary, as shown in Figs. 4-2 and 4-5, our
clusters contained an average of ~13 atoms and we do not observe clusters containing
more than 25 total atoms for either species. All other things considered equal, this onset
of CEM could be attributed to the sizes of the clusters themselves. The electron densities
of niobium and tantalum clusters are on the order of those associated with platinum
clusters of equal size, and thus no advantage is garnered there.
As metallic clusters grow in size, they tend to maintain relatively spherical shapes
and develop layers which would, according to some authors [9], hinder the outer
ionization of electrons which are released via the ENIO mechanism. Based on structures
calculated by Fa, Luo, and Dong [16] on pure neutral tantalum clusters (it has been
shown that niobium and tantalum clusters are extremely similar, most certainly for the
purposes here), our target clusters are roughly symmetric and spherical, like the larger
clusters would be, but have not grown in size enough to form multiple shells of atoms
within the cluster structure. Thus, it is unlikely that our clusters are of sufficient size for
appreciable inner ionization to occur and therefore CEM effects are negligible. This is in
contrast to the published work on platinum clusters which have evidently reached the size
threshold wherein a substantial cluster plasmon can be formed. Further experiments and
theoretical treatments will help to clarify this potential behavior, but nonetheless we treat
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these observations as initial experimental evidence that the EI phenomena manifested in
systems of similar sizes can be substantially, and observably, different.
In keeping with this interpretation, it is interesting to discuss the presence of a
critical internuclear distance with respect to the EI of these clusters. As discussed in the
Introduction (Chapter 1), for electrons localized directly between two atoms, this R c
value represents the internuclear distance which would lead to maximum ionization
enhancement. However, for those electrons located “off-axis”, i.e. not directly between
the two nuclei being addressed, the increase in ionization rate grows monotonically as the
internuclear distance grows [26]. The electrons in our clusters are quite delocalized,
especially the valence electrons, and thus are unlikely to be concentrated directly between
two atoms. Therefore, their ionization rate should continue to increase as interatomic
distance increases, as it would in a 350fs pulse. Thus, based on the lack of further
ionization in the presence of a longer pulse width, it is likely that our clusters expand
sufficiently within the 100fs pulse that, if it exists, the R c is reached while the ionization
rate from off-axis orbitals has clearly become saturated as well.
Assuming the above discussion is true, and that our small metal clusters are
indeed undergoing ionization enhancement via the ENIO and IIM mechanisms, it is
interesting to compare these studies with those discussed in Chapter 3 which dealt with
the strong-field ionization of early transition metal oxide clusters. Unlike the relatively
localized bonding electrons associated with those covalently bound clusters, the metallic
bonding of pure metals results in the significant delocalization of valence electrons within
the cluster, possibly leading to substantial differences in ionization behavior and
dynamics. However, a quick comparison reveals that the maximum charge states (and
lack of change in the presence of various pulse widths) are remarkably similar for the
pure niobium and niobium oxide clusters as well as the companion tantalum studies!
For the niobium (and tantalum) oxide we observe the creation of the M +11 ion;
identical to those produced from the irradiation of pure metal clusters. As evidenced in
the discussion of enhanced ionization mechanisms found in Chapter 1, the attributes of a
molecule or cluster can have a dramatic effect on the EI behavior which can occur upon
exposure to a strong electric field. Thus our agreement is rather interesting, since these
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cluster systems certainly are quite different, not only in their structures, composition,
bonding character, and interatomic distances, but also the number of valence electrons
available for participation in ionization enhancement.

In light of the significant

differences related to these two types of clusters, one would expect the behaviors of
ENIO as well as IIM to manifest somewhat differently, and certainly not result in the
same MOCS.
Despite the fact that each set of cluster experiments was performed on a
distribution containing similar numbers of atoms, the identity of the constituent atoms
and the nature of the bonding within the cluster create a substantially different
environment in which the strong-field can influence the ionization dynamics of the
cluster. By increasing the number of transition metal atoms and eliminating the oxygen
species, we have essentially increased the overall number of electrons contained within
the clusters themselves. Further, the metallic bonding nature of the pure metal clusters
results in larger interatomic distance and thus also changes the dimensions of the cluster.
For this reason, the overall increase in the total number of available electrons cannot
necessarily be correlated with an increase in the electron density of the target.
One of the significant downsides to working with transition metal clusters,
however, is the relative difficulty in modeling not only their electronic behavior, but
simply their structures as well. These difficulties arise not only due to the multi-valence
electronic nature of the transition metal atoms, but also the rapidly increasing number of
feasible isomers possible as the total number of atoms within the cluster grows.
Recently, gas-phase experimental studies of small homogeneous vanadium [27,28],
niobium [29], and tantalum [30] clusters were reported using the FELIX (Free Electron
Laser for Infrared eXperiments) facility to perform high resolution infrared multiple
photon dissociation (IR-MPD) experiments. DFT calculations were supplied for the
vanadium and niobium studies and excellent structural agreement was found between
theory and experiment for the Vn (n=3-23) cations as well as the Nbn (n=5-9) neutral and
cationic clusters. In these studies, it was found that all three species of cluster produced
very similar vibrational spectra in their cationic form, especially for clusters containing 6,
7, 13, 15, and 17 atoms and the cluster growth patterns appeared consistent for the entire
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group. These experiments represent a much needed advance in the study of transition
metal cluster structure and may aid in the future development of accurate models for the
multiple ionizations studied and reported herein.
By utilizing this data, we can offer some discussion regarding the effects of
cluster structure on ionization behavior. For example, the average bond distance between
two niobium atoms within a Nb13 cluster is in the range 2.39-3.12 Å [31], while the Nb-O
bond length in a Nb4O10+ cluster is on the order of 2.0(bridging)-1.9(terminal)Å [32].
These are, of course, simply baseline numbers for the lowest energy isomers and serve
simply to make a point, as the wide range of cluster sizes and inherent isomers found
within an actual experiment make real comparisons somewhat ambiguous. In light of the
IIM phenomenon, one would expect that the reduction in potential barrier between
neighboring ions would be more significant in the heteronuclear clusters possessing
shorter bond lengths, based on a simple, qualitative view of Coulomb’s law. Further, as
discuss in Chapter 3, the production of identically charged oxygen and transition metal
atoms does not occur with identical amounts of energy. Specifically, the removal of the
5th electron from a niobium atom requires less energy (~24eV) than the removal of the 3 rd
electron from a neighboring oxygen atom (~35eV). One can surmise, therefore, that the
O+3 nucleus would not have as large of an electron withdrawing effect on a neighboring
niobium ion as an Nb+5 ionic core would. Therefore, it appears that IIM would favor the
pure metal clusters based on the likely higher charged neighbors, but simultaneously
would suffer from the increased interionic distance characteristic of metallically bound
clusters.

Again, these discussions are speculative, but clearly some theoretical

simulations might prove quite enlightening and worthwhile.

To the best of our

knowledge, and as of this writing, none have been reported.
Regarding the effects of the differing structures and cluster composition on the
ENIO mechanism in these studies, there have not been any published calculations
performed which could lend insight into the variations in dynamics with regard to this
phenomenon’s manifestation. However, based on the fundamental mechanism which
enables ENIO to occur, namely the favorable balance of shifted potential barriers
between two nuclei based on internuclear distance and the superimposed external electric
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field, one can postulate how the dynamics of ENIO would vary between homo- and
heteronuclear clusters. For instance, in the majority of the transition metal oxide clusters,
the metal units are generally localized within the interior of the cluster while the oxygen
species tend to occupy bridging locations between niobium atoms or orient themselves in
terminal positions furthest from the center of the cluster. Interestingly, it has recently
been theoretically demonstrated [33] that in very short, few-cycle laser pulses, the
orientation of a molecular dipole (in a heteronuclear dimer, He-H in this case) with
respect to the polarization of the incident electric field has a significant impact on the rate
of outer ionization. However, these effects are expected to be negligible upon exposure
to longer pulses, even those as short as the 100fs pulses utilized here. Thus, the effects of
having an inner metallic character and an outer oxygen population are not expected to be
significant as a direct result of the dipoles formed between the atoms in the cluster.
On the other hand, based on the structural information for the transition metal
clusters, it is straightforward to assume that the lower-massed oxygen atoms would
accelerate away from the center of the cluster more quickly than the centrally located
transition metal atoms. On the contrary, for homogeneous systems, the outer nuclei
would expand the diameter of the cluster at a slower rate due to the equivalency of their
masses. Based purely on this Coulombic argument, and assuming that ENIO proceeds
with the same efficiency when an electron is localized between two nuclei of differing
species as it would in the presence of matched ions, then Rc could be attained earlier in
the expansion of the heteronuclear clusters. However, even if this is the case, it is clear
that Rc is reached for both types of systems within the first 100fs of their exposure to the
external field, as they reach the same MOCS.

4.5 Conclusions

We report the results of strong-field ionization experiments on small (<30 atom)
homogeneous Group Vb transition metal clusters composed of either niobium or
tantalum. In both cases, we observe the creation of the M+11 ion under two different laser
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pulse width conditions, possibly indicating that ionization was completed within the first
100fs of the laser-cluster interaction. We have initially attributed this behavior to the
ENIO mechanism, and thereby assume a lack of CEM effects, which is in contrast to the
mechanism previously reported [11] for experiments performed on small late-transition
metal clusters. The size distribution for our target systems is slightly smaller than the
previous work and this may play a significant role in the onset of these two EI
phenomena.
Further, upon comparison to the transition metal oxide clusters presented in
Chapter 3, we find that the metal components reach the same MOCS value. This result
was unexpected for the reasons discussed above and have inspired the performance of the
transition metal-carbide studies described in Chapter 5.

Based on the mechanisms

typically attributed to the enhancement of ionization within small molecules and clusters,
one would anticipate that cluster environment would have noticeable effects on the
ionization of the composing atomic species. We do not find this to be the case and in the
absence of complementary theoretical work, can offer no rationale behind the agreement
beyond informed speculation.
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Chapter 5

Strong-Field Ionization Studies of Transition Metal Carbide Clusters

In this chapter we present data representing further investigation into the
ionization behavior of heteronuclear clusters upon exposure to strong optical fields. A
similar approach is adopted from the work performed in Chapter 3, but the target clusters
are composed of transition metals and carbon atoms rather than oxygen. In performing
these experiments, we had hoped to observe some variation in ionization dynamics based
on the change in electronegativity of carbon versus oxygen. The work shown in Chapter
3 demonstrated that the identity of the transition metal portion of the target cluster was
pivotal in the extent to which ionization progressed for said metal atoms. Although it is
clear that the clustered nature of the target species heavily influenced the enhanced
ionization behavior which was observed, the role of the oxygen atoms within the clusters
was ambiguous at best. By “replacing” the highly electronegative oxygen component
with a significantly less electronegative element, we sought to observe some variation in
the Maximum Observable Charge States (MOCS) created for the transition metal atoms.
As will be shown in this chapter, however, this was not the case. In fact, we report very
similar, or identical in some cases, MOCS values for each of the transition metal
experiments performed for which there was an oxide analogue.

5.1 Introduction

As discussed in the previous chapters, the ionization behavior of small
heteronuclear systems is a somewhat unexplored realm of strong-field physics, both
experimentally and theoretically. Most theoretical work is hindered by the excessive
computation time, cost, and difficulty of performing calculations on multivalent systems
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and their behavior within a strong-field. Meanwhile, physical cluster experiments suffer
from a lack of single-target selectivity, limited to working with distributions of clusters
due to the extreme difficulties in performing crossed-beam experiments of this nature.
However, despite this lack of single-target specificity, general observations regarding
cluster species have been made in the past and have led to significant insights into the SFI
behavior of numerous systems.
In the experiments delineated in Chapter 3 of this thesis, it was demonstrated that
the MOCS of the ion products resulting from the SFI of transition metal oxide clusters
followed certain patterns based on their relationship to one another in the periodic table
(those species located in Group Vb or Row 4). It was further shown that this behavior
was related to the energy required to ionize electrons from specific levels of the
constituent atomic cores. Based on the strength of the femtosecond ionization laser
pulse, it was determined that the observed multiply-charged ions were not being created
simply by pure field ionization. On the contrary, the clustered nature of the target species
clearly enhances the ionization behavior observed in the experiments, a phenomenon
which has been demonstrated by many groups on many systems in the past [1-4]. Further
insight was garnered by utilizing extended ionization laser pulse widths, which
demonstrated a lack of collective electron motion (CEM) effects [5] and thus indicated
that the EI mechanisms known as ionization ignition (IIM) [6] and charge-resonance
(CREI) [7] were the most likely sources of EI in those systems.
The specific dynamics behind these two mechanisms has been described in
Chapter 1 and elsewhere in the literature; however, some extrapolation from their
mechanistic implications is necessary to understand the motivation behind the
experiments in this chapter. Regarding the IIM model, the ionization enhancement is
dependent not only on the strength of the external electric field, but also the internal field
associated with the cluster. The localized strength of this internal field is partially
dependent on the total charges of the clustered ions, as well as their internuclear
distances.

Thus, by substituting carbon species for the previously studied oxygen

species, the internal field will change, possibly altering the mechanism and the extent to
which ionization progresses.

Further, there have been no reported studies which
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investigate the influences of various heteronuclear species with respect to the CREI
mechanism, which may result in significant changes to the characteristic R c of the cluster
or simply enhance or retard the ionization process based on the charge, electronegativity,
or location of the clustered ions themselves. In this vein, we present the following
studies on the SFI of various transition-metal carbide cluster species.
Transition metal carbide clusters have been studied for a number of years and
have been a focal point of the experimental and theoretical work performed in the
Castleman group [8-11]. The most well-publicized result was the discovery [12] of the
stable metallocarbohedrene (Met-Car) cluster. Further work in our group has focused on
investigating the electronic, structural, and catalytic properties of the transition metal
carbide cluster family [13,14]. Many of the investigations performed on these species
utilize photoionization and/or photofragmentation techniques which employ nanosecond
lasers as energy sources. To date, the experiments contained within this thesis represent
an initial foray into studies concerning the interaction between ultrashort pulses of strongfield radiation and the metal carbide cluster family.
Similarly to the transition metal oxide experiments, three sequential metal
species from Row IV in addition to three metals from Group Vb were individually
clustered with carbon and then Coulomb exploded via strong-field radiation.
Observations regarding MOCS values for each set of experiments are provided and
possible implications regarding the ionization behaviors of the clusters with respect to
previous homo- and hetero-nuclear clusters of similar composition are rendered. Due to
the range of cluster sizes and compositions present in the molecular beam, the MOCS
values from each experiment are used for comparisons between species. Specifically,
trends are discovered between carbide clusters containing transition metals from the same
Group or Row.

Further, distinctions are drawn between the observed overall

enhancement or restriction of the ionization processes based on presence of oxygen or
carbon within the cluster structures.
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5.2 Experimental Details

The experimental procedures for these studies have been described in Chapter 2
and thus only a brief summary will be provided here. Strong-field ionization (SFI)
experiments were performed on small transition-metal carbide clusters using a time-offlight mass spectrometer (TOF-MS) to observe the MOCS for each cluster distribution as
well as measure pertinent kinetic energy release (KER) data. Clusters were created in a
laser vaporization source by ablating a pure rod of the target transition metal (Ti, V, Cr,
Nb, or Ta) with a focused nanosecond Nd:YAG laser operating at 10Hz. The intensity of
the laser was varied for each species and was adjusted before each experiment to ensure
maximum cluster production within the chosen size distribution. Concomitantly with the
ablation event, a ~300μs pulse of pure methane gas was emitted from a pulsed valve and
directed over the ablation site. The resulting plasma of metal, carbon, and hydrogen
atoms then encountered a small waiting room wherein clustering began before finally
undergoing collisional and expansion cooling while exiting the source via an expansion
nozzle.
For the creation of transition metal carbon clusters, it was imperative that the gas
sample line and mixing tank were flushed with pure methane and then vacuumed out for
at least 5 cycles to minimize the amount of oxygen present in the source assembly.
Further, the stainless steel LaVa source was dissembled and cleaned extensively prior to
experimentation. It was also determined that the oxide layer on the surface of the sample
metal rods was clearly several monolayers thick, and thus for each experiment, the source
was allowed to run for between 1-3 hours with pure methane to eliminate any surface
oxygen on the rod itself. Pure methane (non-diluted) was used as the reactant and
clustering gas, aiding in eliminating the possibility of oxygen contamination within the
individual clusters.
Following formation within the LaVa source, the neutral and ionic clusters then
passed through a 5mm diameter skimmer before reaching the Wiley-McLaren style [15],
two-stage extraction region of the TOF-MS.

The apparatus consisted of three

sequentially positioned electrostatic lenses held at constant potentials which were
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typically +4kV, +2kV, and 0kV, respectively.

This gradient provided an excellent

environment to direct the cationic products which resulted from the SFI of the target
neutral clusters into the spectrometer. Further, the proper gradient allowed for sufficient
spatial expansion of the Coulombically exploded ions to enable the measurement of KER
values. The static electric field also ensured that any ionic clusters were deflected and
thus only neutral species were irradiated by the ionizing laser pulse.
Ionization of the transition-metal carbide clusters was achieved via the use of a
colliding pulse, mode-locked (CPM) dye laser which produced pulses of 100fs light
centered at 624nm capable of attaining focused intensities approaching 1x1015 W/cm2.
At this maximum intensity, the incident laser was capable of initiating multiphoton
and/or strong-field ionization within the target clusters, resulting in multiply-charged
ions. These ions were then directed into the TOF-MS where they encountered an Einzel
lens and vertical ion beam steering apparatus used to aim the ions at the microchannel
plate (MCP) detector. As in the previously discussed experiments, two field-free regions
(FFR) were alternately used for data acquisition; a linear 1.3m FFR to resolve KER
splitting and a two-stage reflectron FFR of approximately 3m to attain the highest massto-charge (m/z) resolution possible to alleviate difficulties in species identification. In
several cases, the CPM laser was defocused slightly to minimize multiple ionization
events and highlight the non-Coulomb exploded singly-ionized target clusters to ensure
that the distribution of masses did not exceed the limited range of cluster size which was
the focus of this work.

5.3 Results and Discussion

This section contains the data and discussion related to the SFI experiments on
transition metal carbide clusters. The following figures include several cluster mass
spectra obtained via multiphoton ionization from the defocused CPM beam in addition to
the ion spectra which result from the strong field ionization of the neutral clusters.
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Further, several tables have been provided to assimilate the data and aid in easing
comparisons between studies.

5.3.1 Titanium Carbide Clusters

Similarly to the spectra obtained from the strong-field ionization of titanium oxide
clusters, the titanium ions in this spectrum are somewhat more difficult to resolve than
others due to several mass-degeneracies with both background contributions as well as
the clustered carbon component (Figure 5-1). In this figure, the x-axis shows the massto-charge (m/z) ratio plotted logarithmically for clarity. The isotope distribution for
titanium is easily recognizable for the +2 charge state. As a result of the unclustered
methane molecules present in the cluster beam, there were significant contributions from
the hydrogenated monocarbon series between m/z = 12 and m/z = 16 as well as in other
sections of the mass spectrum, which added some complexity to the ion identification.
However, titanium ions up to Ti+7 are easily resolvable and the Ti+8 (m/z = 5.9875) and
Ti+9 (m/z = 5.322) species are also present although masked by the large C +2 (m/z =
6.0055) and smaller O+3 (m/z = 5.333) signals, respectively.

Further, there is also

evidence pointing to the creation of the Ti+10 ion (m/z = 4.79). However, we were unable
to resolve any higher charge states for the titanium ions; specifically, neither Ti+11 (m/z =
4.355) nor Ti+12 (m/z = 3.992) species were observed. Regarding the carbon species, we
observed that C+1-3 were created not only via SFI of the target clusters, but also from the
background hydrocarbon-based oil species within the chamber. Interestingly though, the
background spectrum reveals little to no evidence of C+4 ions whereas this peak becomes
prominent in the presence of cluster species.
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5-1: Mass spectrum of the multiply charged ion species which resulted from the SFI (I~10 15W/cm2) of
small titanium carbide clusters. Note the MOCS of Ti +10 and the clear evidence of C+4 in the spectrum.

The set of 4 sharp peaks on the right side of the C+, C+2, and C+3 signals are due to
ringing in the spectrum and do not represent any actual ion signal. The immense signal is
the result of the combined intensity of the carbon ions resulting from the SFI of both the
target clusters as well as the background pump oil which constantly plagued our research.
Care must be taken at all times to closely analyze these types of peaks if they are clearly
present in the same pattern for different species, as this is likely an indication that they
are electronic artifacts and not true signal. Often, the ringing will not be as intense or
even completely absent in the background spectrum due to significantly lower signal
resulting solely from the pump oil. It is imperative that a balance be found between
signal amplification to allow for the observation of the most highly charged ions and
restraining the amplification to minimize ringing and other potential artifacts.
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Unfortunately, this spectrum represents a situation in which an ideal compromise could
not be attained. Despite this, metal ions reaching the Ti+10 species are present while there
is also clear evidence of carbon ions reaching the C+4 charge state.
Figure 5-2 contains the reported ionization energy (IE) data from the literature
[16] for the titanium, carbon, and other transition metal species addressed in this work.
The IE values for the corresponding MOCS of each species are listed in bold. Based on
these values, the absence of the C+5 ion is not unexpected, as ~392eV of energy is
required to remove the first electron from the 1s orbital of carbon, which is well in excess
of the deposited energy indicated by the presence of the Ti+10 ion (IE ~ 216eV) and the
absence of the Ti+11 ion (IE ~ 265eV). In fact, the C+5 ion was not produced in any of the
experiments performed, as each cluster appears to have absorbed less than 300eV of total
energy from the external optical field and subsequent laser-cluster interaction
mechanisms. This is discussed in more detail later.

5-2: Reported ionization energy values [16] for the species studied in this chapter. The energy associated
with the MOCS observed in each specific study is highlighted in bold while a box has been provided to
guide the eye to the narrow range of energies corresponding to the MOCS values. All energies are in
electronvolts.
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We were unable to produce a useful neutral cluster mass distribution spectrum,
but previous work with TixCy cationic clusters produced from our LaVa source
demonstrated a distribution which was limited to species containing fewer than 30 atoms.
Specifically, the Ti8C12+ cluster was shown to exist in massive quantities while smaller
species are significantly lower in population (see Figure A-1 in Appendix A for a
representative spectrum). One caveat in using this particular cationic distribution as a
representation of the currently discussed clusters; the spectrum presented in Appendix A
was produced using a relatively low concentration of methane gas as the clustering
medium (~6% seeded in helium). The current target clusters were created using pure
methane and thus are likely more highly carbonated than the earlier products.
While SFI experiments on homogeneous Tin clusters were not performed, studies
on clusters of titanium oxide were and thus provide the opportunity for interesting
comparisons between the two sets of work. As noted above, the sizes of the neutral
clusters present in the respective molecular beams were assumed to be quite similar and
the intensity of the incident femtosecond laser pulses was reproduced for each
experiment. Remarkably, the MOCS number for the titanium species in each experiment
is identical; Ti+10 was observed for both the oxide studies and the current carbide work.
As noted in the titanium oxide discussion of Chapter 3, as well as here, the identification
of the MOCS for titanium can be quite convoluted due to the nearly identical massdegeneracies which exist between highly charged titanium ions and the multiply charged
oxygen and carbon ions which are omnipresent in our experiments. Fortunately, neither
the maximum observed charge state (Ti+10) nor the lowest unobserved charge state (Ti+11)
are mass-degenerate with any of the typical background or complementary species,
aiding in the identification of the MOCS in each study.
In Chapter 3, it was experimentally shown that the strong-field ionization
behavior of our heterogeneous transition metal clusters underwent some enhancement
based on their clustered nature.

Further, it was demonstrated that this enhanced

ionization (EI) was not the result of collective electron motion effects, which have
previously been shown to play a significant role in SFI of clusters of larger dimensions
[17]. Finally, the observed EI behavior was attributed to a combination of the ionization
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ignition mechanism (IIM) and the charge-resonance enhanced ionization mechanism
(CREI), the two EI mechanisms typically associated with smaller molecules and clusters
[18]. Thus, the absolute agreement in the MOCS for these two different types of target
clusters is rather intriguing and some interesting conclusions may be drawn.

First,

however, the remaining target cluster species will be presented and analyzed.

5.3.2 Vanadium Carbide Clusters

The next transition metal in the row is vanadium and a representative mass
spectrum for the neutral vanadium carbide clusters we studied is provided in Figure 5-3.
The distribution is fairly similar to previously published studies on vanadium carbide
clusters [19], including the relatively more intense signal at m/z~551, corresponding to
the vanadium met-car, V8C12.

It has been shown that the relative populations of

vanadium atoms versus carbon atoms can be controlled based on the concentration of the
methane gas being used in the clustering source [13], and thus it is not surprising that our
clusters are highly carborized due to our use of non-diluted methane gas in the cluster
source. The VC2 and V4C6 species have also found to be primary precursors for the
formation of larger clusters [13], and thus their prominent presence is not unexpected.
Also, like the oxygenated and pure metal studies discussed in Chapters 3 and 4, our target
clusters are quite small and contain fewer than 20 atoms. The significantly larger signals
at the lower mass section of the spectrum which correspond to the mono- and divanadium species are likely enhanced by the photofragmentation of larger clusters in the
distribution.

This represents an unfortunate downside to procuring neutral cluster

distribution information in this manner; however, the technique still allows for a general
picture of the species present within the cluster beam to be observed and identified.
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5-3: Cluster distribution for neutral vanadium carbide clusters obtained via defocused CPM with an
approximate intensity of 1012W/cm2. Note the enhanced intensity of the Met-Car, V8C12 at mass ~551amu.
The V3C8 and V4C4 peaks are labeled as indicated in the text.
As before, the resolution of the mass spectra containing the cluster distributions
was not specifically controlled by the spatial focusing of our electrostatic lenses, but
relied more heavily on the creation of all the observed ions from a small, finite point
within the ionizing laser field. Regardless, the resolution is more than sufficient to aid in
calibrating the ion distribution. The mass degeneracies for a range of vanadium carbide
clusters can be rather cumbersome without adequate resolution, as the difference in m/z
for one vanadium atom and three carbon atoms is only 3 amu. Differentiation of the
individual species proved not to be an issue, however, as peak splittings representing two
different clusters were easily resolved as shoulders, such as those labeled for the V 3C8
and V4C4 species.
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Figure 5-4 contains a typical m/z spectrum for the strong-field ionization of these
vanadium carbide clusters. Unlike the TixCy spectrum, these data were obtained using
the long field-free region and thus much of the background signal has been lost due to the
significantly diminished angular resolution implicit in lengthening the flight distance.
Vanadium species possessing up to the +9 charge state are clearly resolved, as is the C+4
ion signal. Similarly to the TixCy experiment, there is no appreciable C+4 signal observed
unless the target clusters are present in the ionization region. Also, the small features at
an approximate m/z of 5.0 are due to imperfect background subtraction and are not the
result of any higher charged vanadium species, specifically the V +10 ion which has a m/z
= 5.0942 . The lack of KER splitting in this particular spectrum is also a result of the
longer field free region.

5-4: Mass spectrum of the multiply charged ion species which resulted from the SFI of small vanadium
carbide clusters. The MOCS for this study was V+9 while C+4 was also easily seen. Dashed lines are
provided to guide the eye and are positioned according to the overall mass-to-charge ratio calibration for
this figure.
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Like the TixCy and TixCy experiments, a comparison between the previously
performed VxOy cluster studies and the V xCy work shown here yields a remarkably
identical MOCS value for the transition metal: V+9. Similarly, the non-metal component
of each type of cluster is also ionized up to the 1s orbital. Neither ionization process is
capable of energizing the target clusters to the extent to which the next 1s electrons (O +7
requires ~739eV of energy) can be removed. Based on the lack of the V +10 ion in the
mass spectrum, it is evident that the absorbed energy of the cluster does not exceed
230eV while the presence of the V+9 ion demonstrates that at least 205eV of energy has
been donated.

This range of absorbed energy values agrees quite well with those

observed for the titanium studies (see Figure 5-2).

5.3.3 Chromium Carbide Clusters

The maximum metal charge state easily observable in the SFI mass spectrum for
the chromium carbide experiments is the M+8 ion (Figure 5-5). A shoulder on the low
m/z side of the C+2 peak could indicate the presence of Cr+9 (labeled in the figure) while a
low, broad peak at m/z of ~5.26 is likely coming from the background O +3 species. It is
clear that the m/z calibration begins to overestimate the flight time of the smallest m/z
ions and therefore the slightly overestimated m/z assignment for O +3 is most likely the
proper peak assignment. The isotope distribution associated with chromium is clearly
resolved for the +1 and +2 charge states. Again, the highest charged carbon ion is the C+4
species.
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5-5: Mass spectrum of the multiply charged ion species which resulted from the SFI of small chromium
carbide clusters. Cr +8 is clearly resolved while Cr +9 is likely present, albeit obscured by the large C+2 peak.
Dashed lines corresponding to the overall calibration line are provided to guide the eye and demonstrate the
expected overlap between C+2 and Cr+9 mass signals.
In comparing the MOCS values for the chromium carbide and chromium oxide
studies, we observe another agreement between the two sets of experiments. The Cr+8
ion is clearly resolvable for both studies while in each case, there is slight evidence for
the production of the Cr+9 ion as well, in the form of a possible shoulder on the left side
of the C+2 peak. This shoulder could, in fact be the result of some KER spreading of the
signal, but this was experimentally irresolvable despite the use of the long FFR and the
large voltage gradient used (designed to minimize the peak splitting) due to the large
amount of energy associated with the KER of carbon from the metal carbide cluster. The
shoulder height is, however, a reasonable expectation for the Cr +9 ion, compared to the
peak intensities of the observed Cr+8+4 species. Further, the energy required for creation
of the Cr+9 ion is a mere 209.3 eV, which is well within the range of energies observed
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for the vanadium and titanium experiments discussed above. On that same note, the Cr +10
ion needs ~244 eV to be formed, which is slightly more than the energies of the
previously identified ions and thus its absence follows from the trends observed thus far.

5.3.4 Niobium Carbide Clusters

Continuing with the approach taken in Chapter 3, now that we have obtained data
regarding the SFI of three consecutive transition metals within the same row, we shall
now present data for clusters containing transition metals within the same group, Group
Vb. Combined with the vanadium carbide data, the following niobium and tantalum
carbide studies will afford excellent opportunity for comparisons and the observation of
trends within the group.

Figure 5-6 contains an outstanding representative cluster

distribution for the niobium carbide species investigated here. The majority of these
clusters contain fewer than 21 atoms and, interestingly enough, the neutral Met-Car
(Nb8C12) species is not noticeably enhanced. However, it has been shown in the past that
source conditions can have significant effect on the appearance intensity of the met-car,
and thus this behavior is not unexpected. Of particular note in the spectrum is the
presence of the Nb4C4 species, as it has been found to possess enhanced stability due to
its 2x2x2 cubic structure [20].

126

5-6: Mass spectrum depicting a typical niobium carbide cluster distribution.
Figure 5-7 depicts a logarithmically plotted ion spectrum for the strong-field
ionization of small niobium carbide clusters. Metal ions up to Nb+11 are in evidence
while C+4 is the maximum observed charge state for carbon. There is some interference
from the multiply hydrogenated C+ species, but Nb+8-11 are clear enough to verify the
presence of Nb+6 and Nb+7 which appear as mere shoulders on some of the background
hydrocarbon peaks.

Figure 5-8 has been provided to clarify these assignments and

demonstrates the importance of high mass resolution within the experiments and
highlights the utility of employing a reflectron-based long field free region. Creating
narrow peaks with a minimum of peak spreading/splitting allows for the resolution of
narrow shoulders which can aid in the ultimate identification of species with very similar
m/z values. Specifically, in this case CH+ has a m/z = 13.011 while Nb+7 has a m/z of
13.272, a difference of a mere 0.261amu which is still resolvable within the mass
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spectrum. Similarly, Nb+6 = 15.484 while CH3+ = 15.011, yet the transition metal ion
signal is still clearly indicated by the shoulder on the right of the CH3+ peak. In contrast,
the CH2+ peak has no other interfering signals and is manifested as an extremely narrow
peak in the spectrum.

5-7: Mass spectrum of the multiply charged ion species which resulted from the SFI of small niobium
carbide clusters. The Nb+11 ion is clearly present (dashed lines corresponding to a mass calibration
equation are provided). C+4 was also observed, although this spectrum was truncated to highlight the metal
species and thus the highly charged carbon ions are not evident. Figure 5-8 has also been provided to more
clearly demonstrate the identification of the Nb+x (x = 58) species.
As with the previously discussed cluster experiments, a comparison of the most
highly charged ions observed in each respective spectrum is useful. However, in this
case we can also compare these transition metal carbide cluster experiments to those
performed on homogeneous clusters of niobium atoms.

Remarkably, each of these

MOCS values is also in agreement. A comparison between the reported literature value
energies required for the ionization of the 11th and 12th electrons from a niobium atom is
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unfortunately absent. The highest reported value found was that for the Nb+10 ion, which
is approximately 193eV. The energy required to remove the 11th and 12th electrons can
be somewhat extrapolated via periodic trends in conjunction with the electron orbitals of
niobium, however.

5-8: Highly truncated mass spectrum resulting from the SFI of niobium carbide clusters. This expanded
view clearly demonstrates the presence of several highly charged niobium species despite near mass
degeneracies with several background hydrocarbon peaks.
The removal of the 9th, 10th, and 11th electrons from a niobium atom represent the
last 3 electrons taken out of the 4p orbital and thus the energy required to remove each
successive electron from this same orbital will be quite similar. For example, see the
reported energies required for removal of successive electrons from the 3p orbital of both
titanium and vanadium (Table 5-2). For each of these two examples, the increase in
energy required to remove the second and third electron from the orbital is remarkably
similar; a change of ~ 2.2eV for titanium and ~ 1eV for vanadium. Assuming this type of
behavior continues for the niobium species (an assumption which appears to be valid
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based on the energies required for removal of the first three electrons from the 4p orbital),
we can extrapolate that the energy required to remove the 11th electron from niobium is
approximately 21eV greater than that for removal of the 10 th electron, which yields an
approximate value of 214eV. This assumed value is also legitimized by the fact that it
falls neatly into the range of energies shown to be absorbed by the previously discussed
examples of titanium, vanadium, and chromium carbide systems. Removal of the 12 th
electron from niobium represents ionization of the first electron removed from the more
tightly bound 4d orbital, and thus a large increase in ionization energy is expected, hence
rationalizing the absence of the Nb+12 ion in any of our experiments.

5.3.5 Tantalum Carbide Clusters

The final transition metal carbide study was performed on neutral tantalum
carbide clusters; a mass spectrum of the singly ionized target clusters is shown in
Figure 5-9. As before, the cluster distribution was controlled and limited to those clusters
containing fewer than 20 total atoms. Due to the significantly larger mass of the tantalum
atom (180.95 amu), mass resolution is lost for relatively smaller clusters than the
previously shown studies. Despite the use of undiluted methane gas in the cluster source,
the neutral tantalum carbide clusters show a strong preference for low carbon
substitution, with many of the dominant clusters possessing the same number of carbon
atoms as metal atoms, or in the cases of the lower massed clusters, fewer than their metal
counterparts.
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5-9: Typical mass spectrum of the target tantalum carbide cluster distribution. Mass resolution becomes
decreased around 960 mass units but the observed stoichiometry is still identifiable.
The multiply charged ions resulting from the strong-field ionization of these
clusters are shown in Figure 5-10. The MOCS for tantalum is the Ta+11 ion while C+4 is
clearly present as the highest charged carbon species. Unfortunately, the ionization
energy data provided from the literature [16] is even more truncated for tantalum atoms
than it is for niobium and values were only found for species up to the Ta+5 ion.
However, the general trend down the periodic table for ionization energies is that the
larger the mass of the atom within a specific group, the lower its respective outer electron
valence energies are typically found to be. This is exemplified in the pattern manifested
for the first 5 ionization energies of the Group Vb elements as shown in Figure 3-12 in
Chapter 3. Further comments regarding this trend may also be found there. Thus,
subsequent discussion regarding the appearance energy for the highest charged tantalum
ions would be very involved and thus will not be expounded upon here.
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5-10: Mass spectrum of the multiply charged ion species which resulted from the SFI of small tantalum
carbide clusters. The maximum charge states of Ta+11 and C+4 are evident.
Like the niobium experiments, these tantalum carbide studies may also be
compared to not only the tantalum oxide work but also the ionization observed for the
homogenous tantalum clusters. Again, we observe identical MOCS values for each
different type of cluster distribution, with ionization reaching a maximum of Ta +11.
However, unlike the pure tantalum studies, the possibility of higher charge states cannot
be simply ruled out based on the observed species in the mass spectrum. As noted in the
Chapter 3 discussion of higher Ta+x ion identification, the next few tantalum ions are
nearly exactly mass-degenerate with several other species which are likely present in the
mass spectrum. Specifically, Ta+12 (m/z = 15.079) and CH3+ (m/z = 15.011), Ta+13 (m/z
= 13.9191) and CH2+ (m/z = 14.011), Ta+14 (m/z = 12.9249) and CH+ (m/z = 13.011), and
finally Ta+15 (m/z = 12.0132) and C+ (m/z = 12.011) are all nearly degenerate and thus
their presences cannot be confirmed nor denied. However, the extremely small intensity
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of the Ta+11 signal may yield some indication that it is quite possibly the highest charge
state created within these experiments.

Signals of lower intensity may simply be

irresolvable, despite any signal overlap due to mass degeneracy. Thus, we observe a
continuation of the trend discussed above, in that regardless of overall cluster
composition within a finite distribution of species, the EI processes involved in the SFI of
the target systems yield very comparable, if not identical, maximum charge states for any
given species.
The maximum observable charge states for each of the constituent atoms
composing the cluster species studied herein are delineated in Table 5-1. As noted above,
the MOCS trends discovered for the transition metal oxide studies (Chapter 3) and
homogeneous transition metal cluster studies hold true in the carbide systems. Indeed,
the SFI of clusters composed of transition metals and carbon results in the removal of
electrons well beyond the valence shell of the constituent metal atoms while being
capable of stripping the entire valence shell of the carbon species. Further, it is evident
that field ionization alone cannot account for the highly multiply charged ions observed
in the mass spectra, as the ponderomotive potential of the incident electric field is again
less than 40eV at its peak, from which the maximum charge states possible would be M +4
and C+2. Thus, although the basic mechanisms governing the EI within these clusters has
already be discussed at length in Chapters 3 and 4, some further discussion regarding the
expected ionization behaviors of each type of system based on composition is
worthwhile.
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5-1: Overall summary of the maximum observed charge states resulting from the strong-field ionization
of several transition metal oxide, carbide, and homogenous clusters. The (+9) attributed to the chromium
species is likely present, as discussed in the text.

These transition metal carbide clusters provide an excellent opportunity for
comparison with the transition metal oxide clusters discussed in Chapter 3. The impact
of cluster properties between the transition metal oxide species and their homonuclear
counterparts were well covered in Chapter 4, but here we are presented with an
opportunity to compare much more similar species, in that they are both heterogeneously
composed of transition metals and more electronegative species. Further, each class of
cluster (oxide or carbide) possesses polar covalent bonds and the consequential increase
in structural rigidity (compared to clusters of a purely metallic nature) which
accompanies this type of bonding scheme.

Thus, we can compare the ionization

behaviors of similarly composed cluster distributions in which the highly electronegative
oxygen components have been replaced by the less electronegative carbon atoms.
Based on the principles involved in the ionization ignition model of enhanced
ionization, it is rather remarkable that the influence of the maximum charge state of the
non-metallic component of the clusters appears to be insignificant. Specifically, at its
highest charge state, the carbon atoms within the cluster reach a +4 ionization state,
which oxygen atoms were observed to reach the +6 state. This change in charge was
expected to have a noticeable difference in influencing the interior electric field
landscape of the target clusters, leading to a less significant impact on the lowering of the
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ionization energy of the transition metals and thus the creation of fragments possessing
less complete ionization. However, this is clearly not the case, as each experiment
regardless of transition metal identity resulted in the observation of identical MOCS
values regardless of non-metallic component (or the lack thereof, in the homogenous
studies of niobium and tantalum).
In Chapter 4, where it was shown that heteronuclear transition metal oxide and
homonuclear transition metal clusters under similar SFI conditions yielded identical
maximum charge states, some discussion was offered with regard to possible scenarios
which would lead to this similar ionization behavior. Specifically, it was hypothesized
that the structural motif of the transition metal oxide clusters, in which the metal ions are
typically located in the interior part of the cluster while the oxygen components are often
positioned at either bridging or terminal positions on the relative exterior of the cluster,
might lend itself to less significant CREI ionization between the metal and oxygen atoms
due to the rapid emission of the lighter oxygen species while further ionization
enhancement occurred between the more massive, and thus slower expanding, metallic
nuclei.

Given the concomitant lack of change in MOCS values when carbon is

introduced as the clustering counterpart, this hypothesis may be further supported.
Regardless of whether the cluster is composed of pure transition metal, metal and
oxygen, or metal and carbon, the SFI of each system results in the same highly charged
metal ions.

Thus, perhaps the most significant ionization enhancement occurs

specifically between the transition metal atoms themselves while the carbon and/or
oxygen atoms participate to a lesser extent.
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5-11: Theoretically calculated structures for NbxCy clusters [21].
Upon studying the calculated structures of typical transition metal carbide
clusters, however, we find a distinct departure from the structural motifs associated with
transition metal oxide clusters. For instance, as shown in Figs. 5-6 and 5-9, many of the
observable transition metal carbide clusters for niobium and tantalum, respectively,
contain similar numbers of metal and carbon atoms. This has previously been reported in
the literature and thus numerous attempts to calculate structures using similar
stoichiometries have been undertaken. Several examples from previous work [21] are
provided in Figure 5-11. As clearly evidenced in these calculations, the transition metal
carbide species do not typically adopt structures in which the metals are more centrally
located while the non-metallic species are found closer to the exterior of the structure.
The structures appear to favor more evenly distributed motifs reminiscent of the
previously mentioned 2x2x2 cubic structure associated with the M4C4 cluster. Further,
for the more highly carborized species (see examples of TixCy [22] in Figure 5-12) tend
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towards more cage-like structures, a further departure from the typical pattern found for
transition metal oxides. However, despite the overall differences in structural motif, one
cannot rule out the possibility for interaction between the metallic species within the
clusters and thus it is still quite feasible that the metal-metal interactions are dominant in
the EI mechanisms therefore resulting in similarities in ionic charging observed in our
experiments, regardless of overall cluster composition.

5-12: Theoretically calculated structures of several Ti xCy clusters [22].
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5.4 Conclusions

In conclusion, we have performed SFI experiments on a variety of transition
metal carbide clusters which resulted in the enhanced ionization of the target systems
well beyond the charge states possible based purely on field ionization via the incident
laser pulse alone. We have observed and explained trends regarding the maximum
observable charge states for each type of cluster. Further, the results of these transition
metal carbide experiments were compared to those reported for pure transition metal
clusters and transition metal oxide clusters and complete agreement between MOCS
values for each species of transition metal was discovered. The lack of influence of
cluster composition in the observable ionization enhancement of the target clusters is
quite unexpected.
It has been shown throughout the literature that ionization is enhanced for clusters
in the presence of a strong laser field, but until the systematic and widely-encompassing
work presented here, the influence of cluster composition has been a largely unexplored
area of this field. We have found that in each of the clusters targeted, a remarkably
similar amount of energy was required to produce the observed high charge states for the
transition metals composing them. Thus, it can be concluded that the complex radiationmatter interaction, including the Stark-shifting of electronic orbitals as a result of the
laser field, the ionization barrier suppression due to neighboring ionic nuclei within the
cluster, and the superposition of the external electric field with the cluster’s internal
potential landscape, results in an environment in which transition metal ions of various
identities but strikingly similar ionization energies are created and observed.
It is important to remember that each of these experiments was performed on a
range of clusters composed of a variety of different atomic ratios, total atomic numbers,
as well as cluster structures and that all of these observations are the result of a
culmination of ionization behavior over the entire cluster distribution. It is for this reason
that we have concentrated on the maximum observable charge state created from the SFI
of each system.

By focusing on the maximum charge states, we hoped that any

significant change in ionization behavior would be manifested throughout the cluster
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distribution and thus would be observable as a change in the MOCS for each type of
cluster system. Further experimentation on mass-selected clusters would be ideal in a
continuous effort to ascertain the structural dependence of the intriguing phenomena
which play such an important role in the strong-field ionization of small molecules and
clusters.
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Appendix A

Useful Equations

Laser Intensity

Where I = intensity, E = energy of the unfocused laser (joules), Γ is the pulse width in
seconds

Focused laser beam radius

Where r = radius of focused beam, f = focal length in mm, λ = wavelength in nanometers,
D = prefocused beam diameter

Keldysh (adiabatic) Parameter

Where γ = Keldysh (adiabatic) parameter is unitless, I p = ionization potential of the
atom/molecule/cluster in eV, Up is the ponderomotive potential in eV of the femtosecond
pulse
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Ponderomotive Potential (electron quiver energy)

Where Up is the ponderomotive potential (or quiver energy) in eV, I p is the laser intensity
at its focus in PW/cm2 (PW = 1015W), and λ is the central wavelength of the laser in
nanometers. 9.33738*10-5 is a constant used as a unit correction.
Power conversion from Molectron Power Meter

Where V = number of volts read on the oscilloscope with the Molectron power meter in
short pulse mode and the oscilloscope terminated with 1Mohm resistance.

Kinetic Energy Release (KER)

Where KER is in eV, q is the charge of the ion,

is the difference in TOF for the peak

of the forward and backward ejected species in microseconds, m is the mass of the
species, U1 is the voltage on the repeller plate, U2 is the voltage on the extractor plate,
and d is the distance between the repeller and extractor plates in centimeters.

Effective Nuclear Charge (Qeff)
when
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Or
when
Where ra is the SCF function atomic radius and Z is the atomic number.
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