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Abstract

Light-Matter interactions have served as a great tool to uncover the
secrets of nature. At an atomic level, the interaction of light with atoms and
molecules holds the key to untangling the electronic structure and dynamics in-
volved in the process. The timescale of the electron and nuclear dynamics in
molecules extends from the attosecond (107'® s) regime to the picosecond (1072
s) time domain. In molecular reactions, these dynamics play a vital role. To
chase these dynamics during the molecular reaction and to control the reaction,
an ultrashort (femtosecond to attosecond) light probe is needed. The available
commercial femtosecond lasers produce about 25 fs light pulses, which are suit-
able for probing processes that do not require less than 25 fs pulses, such as
molecule rotation and alignment study. For probing and controlling the molec-
ular dissociative reactions at sub-femtosecond or attosecond time resolution, we
need either an attosecond light pulses or a new experimental scheme. The two-
color method emerged as a powerful technique to study the sub-fs ultrafast pro-
cesses in atoms and molecules. In the current study, an intense ultrafast laser
with a pulse duration of 26 fs and pulse energy of up to 0.6 mJ is used in the
two-color (w — 2w) method to study the molecular and electron dynamics in the
sub-fs regime. The orthogonal or parallel two-color field generation and phase
control method has been used in the current study to understand the ultrafast
processes. A homemade Velocity Map Imaging spectrometer (VMI) was used to
detect the ions and photoelectrons. Atoms, diatomic molecules, and triatomic
molecules were studied in the single-color and two-color fields to elucidate the
contribution of the relative phase on the ion and electron yields. It was observed
that the ion yield by ionization and fragmentation was sensitive to the relative
phase of the two-color fields. The theoretical simulation of the tunneling electron
revisits trajectories is performed to explain the experimental findings. In sum-
mary, we demonstrated the Quantum control of molecular dissociative reactions

using a two-color laser field.
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Chapter 1

Introduction

1.1 Background and Motivation

Light-Matter interactions have served as a great tool to uncover the secrets of
nature. At an atomic level, the interaction of light with atoms and molecules
holds the key to untangling the electronic structure and dynamics involved in
the process. Light-matter interactions also play a quintessential role in the life
of biological organisms [2, 3]. The control and manipulation of matter using
light (electromagnetic radiation) enable us to synthesize revolutionary medicines
for incurable ailments, fabricate highly resistant or highly conductive materials,
photosynthesis-based processes, and much more [4, 5, 6, 7]. Understanding the
interaction between light and atoms or molecules at a fundamental level and

their reaction mechanisms helps us to manipulate matter [8, 9, 10].

Curiosity to understand various physical, chemical, and biological phe-
nomena of nature have accelerated a fervent growth of technologies in the last
few decades, which made us capable of probing and controlling the processes at
the atomic and molecular level, which are extremely fast. The electron or nu-
clear dynamics in molecules extend from the attosecond (107'%s) regime to the
picosecond (107!2s) time domain. The science in this time domain is popularly

known as ultrafast science [11].

The interaction of radiation has a significant temporal (time period of

electromagnetic radiation) dependence. Therefore, the time period varies from

1
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Figure 1.1: Fundamental atomic, molecular and electronic phenomena probed
on ultrafast timescales.

several orders of milliseconds to attosecond and lower. Interestingly the attosec-
ond and the femtosecond are the same regimes where chemical and biological
interactions play a crucial role. To understand these reactions and therefore
control such reactions, probes in the form of the electromagnetic pulse of such a

short time scale are necessary.

From photosynthesis in plants [12] to facilitating vision in the human
eye [13], there are several reactions involving light-matter interaction in everyday
life. We need to understand the mechanism of such reactions. Understanding
these reactions is the stepping stone to controlling them. Controlling biological
and chemical reactions can either be macroscopic, which is the thermodynamic
control by varying temperature, pressure, etc., and also by the quantum coherent

control [14].

But as the time period of electromagnetic radiation decreases, the en-
ergy required for interaction also goes down. Therefore, excitation/ionization
with such radiation is highly unlikely. Therefore it will be particularly useful
to have electromagnetic radiation of short time scales but sufficiently intense.

Ultrafast intense laser pulses satisfy both the conditions required for the excita-
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tion/ionization of atomic and molecular samples.

In 1905, Albert Einstein’s theory of the photoelectric effect elucidated
the interaction of a single photon with bound electrons. The single photon energy
must be more than the electron’s binding energy to knock out the electrons. This
explanation was the weak limit of a single photon liberating a single electron
from the material. While in the year 1965, Keldysh introduced a theory in which
low-enough frequencies contributed to the tunnel ionization process dubbing it

”Strong-field ionization” [15].

1.1.1 Strong-field ionization of atoms and molecules

When the intensity approaches 1 atomic unit (50V / A), the process of ionization
has been considered as a Strong-field ionization [16]. The Coulomb field gets
distorted in the presence of high laser intensity, which allows the electron to be
ionized through quantum tunnelling. At such high intensities, the ionization rate
is an exponential function of laser intensity compared to a power function when
the field is treated perturbatively.

Keldysh introduced a parameter v ( = \/W) to classify the ion-
ization into Multiphoton ionization, Tunnel ionization, and Barrier suppression
ionization. Here the I, is the ionization potential, I is the intensity of the in-
cident radiation (PW/cm?) whose wavelength (nm) is A, and k is the constant
[15]. Graphical representation of the single ionization, multiphoton ionization,

tunnel ionization, and over-the-barrier ionization is summarized in Figure 1.2.

e Multiphoton Ionization: The process of simultaneous several photon
absorptions leading to photoionization was discovered as an extension of
a two-photon transition. It was initially observed in atoms at the same
time [17, 18] as the Keldysh theory published. The Keldysh parameter for
multiphoton ionization should be more than 1. MPI can also be responsible

in the formation of multiply charged ion through a stepwise process [19].

Multiphoton ionization (MPI) has been studied extensively in atoms and
small molecules. It has been shown that the MPI process can be observed

by the use of high-intensity lasers [20, 21]. In recent years, MPI has also
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Figure 1.2: The atomic Coulomb potentials under the influence of intense laser
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been studied in more complex systems such as bio-molecules, clusters, and
solids [22, 23, 24]. The use of MPI in these systems has provided insights

into the electronic structure and dynamics of these systems.

e Tunnel ionization: Tunnel ionization is the process by which an electron
escapes from an atom or molecule in the presence of a strong electromag-
netic field. The process is described by quantum mechanics and was first
proposed in 1928 by Fowler [25] for the case of ionization in metals. Op-
penheimer also discussed multiple strong external field interactions with
hydrogen and hydrogen-like atoms [26, 27]. The ADK theory [28], which
considered the non-hydrogen-like poly electron atom, was significant in
explaining tunnel ionization. The KFR theory [15, 29, 30], which was de-
veloped from the ADK theory, includes multiple atomic centers and takes
into account the suppression of ionization rate in some molecules due to
interference between atomic centers and the shape of the valence orbitals.
While these theories have been successful in explaining experimental re-
sults for atoms, their predictions have been shown to deviate for polyatomic

molecules.

e Over the barrier ionization: Over the barrier ionization is a process in
which an electron is able to overcome the potential energy barrier of an
atom or molecule and escape into the continuum. This process is typically
induced by the application of a strong external electric field, such as that
generated by an ultrafast laser pulse. Ultrafast pulses are characterized
by their extremely short duration, often on the order of femtoseconds or
picoseconds. Research has shown that the use of ultrafast pulses can signif-
icantly enhance the efficiency of over-the-barrier ionization, as the intense
electric field of the pulse is able to more effectively push the electron over
the barrier ([31, 32]). This has provided valuable insights into the mecha-
nisms of over-the-barrier ionization and the role of the external electric field
in driving the process. In particular, it has been demonstrated that the
electric field of the ultrafast pulse can significantly modify the trajectory

of the escaping electron, leading to the production of high-energy electrons
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and the generation of non-thermal distributions [33]. Overall, the use of
ultrafast pulses in over-the-barrier ionization has proven to be a powerful
tool for the controlled ionization of atoms and molecules and the study of

ultrafast electron dynamics.

The temporal dependence of the strong field ionization can be untangled

by using an ultrashort probe.

1.1.2 Ultrafast dynamics in atoms and molecules

At the molecular level, processes are in the ultrafast time domain (ps to as).
A shorter probe pulse than the event duration is needed to probe the processes
in the time domain. This requirement can be understood through a frames-
per-second (FPS) device that captures extremely fast-moving objects. As an
example, we can consider the human vision, many experts claim that the human
eye can see between 30 to 60 frames per second which means that we can observe
a running horse quite well but not a bullet traveling at 300 km/s. To observe a
high-speeding train or a fast-moving object, we need sophisticated instruments
such as a camera that operates at higher frames per second compared to an eye.
Similarly, we need an ultrafast light pulse to probe the molecular-level processes,
which are of the pico- to atto-second scales as shown in Figure 1.1. Therefore
there is a need to use ultra-short pulses and a new scheme/spectrometer that
can image the ultrafast event. One of the established techniques is pump-probe
spectroscopy. In this technique, a pump prepares the molecule in excited or
ionized states, and another pulse probes the evolution in the time domain. In
this pump-probe scheme, we can detect either the electron/ion or even photons.
Various electron/ion spectrometers have been developed in the last few decades.
Some key instruments are discussed here.

A mass spectrometer is used to understand molecular dynamics and
their constituents. A mass spectrometer detects the charged ions based on their
mass-to-charge ratio(m/q). Since 1955 [34], mass spectrometers have evolved
from simple time-of-flight mass spectrometer to Recoil-ion electron momentum

spectrometer and powerful Velocity Map Imaging mass spectrometer (VMI).
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These VMI spectrometers have been used to measure with high pre-
cision of the momentum and angular distribution of both ions and electrons
individually. With it’s advent in 1997 [35] VMI technique has been used ex-
tensively, from atoms[36, 37], simple molecules[38, 39] to ring-opening cyclic
molecules[40, 41]. Several advancements have been made to the basic design
to enhance the resolution of the momentum of the ions and electrons [42, 43].
Very recently, VMI has been used in the measurements involving two-color fields
to understand the attosecond delayed processes and orbital selective processes

44, 45).

1.1.3 Quantum control of molecular reactions

Quantum coherent control could have been as simple as identifying the normal
mode frequency of the targeted bond and then pumping with the laser tuned with
that frequency to break the bond. This process of resonance-enhanced ionization
is compelling for small molecules but with bigger molecules, the locally incident
energy redistributes all over the molecule. This redistribution of energy eclipses
selectivity and demands better ways for quantum coherent control [46]. Coherent
control of molecular reactions has been observed as a function of wavelength
[47, 48],intensity [49], temporal shaping [50, 51], polarization [52], OAM [53, 54],
two-color [55] parameters and many more parameters. As suggested by theory,
the quantum control of chemical reactions is the result of the excitation, which
is completely dependent on the phase and amplitude of the incident radiation

[56).

1.1.4 Two-color laser field-induced ionization

Two-colour photoionization has been proven to be a very effective method in
discerning the ultrashort (from sub-femtoseconds to even attoseconds) dynam-
ics of the atomic and molecular systems [57, 58, 59]. Compared to single-color
pulses, the two-color method has been found to have more parameters, such as
the intensity of both colors, relative phases, and relative polarizations, to study

molecular dynamics. Several theories have studied the features of the two-color
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Figure 1.3: Schematic of single and two-color fields interacting with atoms, di-
and tri-atomic molecules.

fields [60, 61, 62]. The tunneled electron has been observed to be steered by the
two-color fields. The control of the parameters mentioned above, the photoelec-
tron interference in both spatial and temporal regimes [63], the electron-electron
correlation of Non-sequential double ionization (NSDI), and fragmentation in-
duced in molecular dynamics have been observed. It has also been observed
that electron spin polarization could be controlled by using Orthogonal Two-
Color (OTC) fields [64, 65]. Two-color fields have also been used to orient the

molecules and study the processes [66, 67].

1.1.5 Our Focus: Objectives of thesis

This thesis focuses on the strong-field ionization of atoms and molecules induced
by single-color and two-color laser fields. For this study, we performed the pho-
toionization experiments of Ar, Xe, Ny, CO, and CO, samples in a Velocity
Map Imaging Spectrometer. The ion’s yield was measured as a function of laser
parameters such as intensity, wavelength, and polarization for the single-color
ionization case. In the case of two-color induced photoionization, we recorded
the ion’s yield as a function of intensity ratio and relative phase. We observed

that the ion yield varies as a function of laser parameters. We performed the
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semi-classical electron trajectories simulation to explain the observed experi-
mental results. The revisiting electron may further ionize the parent ion. We
modulated the electron trajectories using two-color and investigated their effect

on molecular fragmentation. The objectives of the thesis are listed below.

Study the two-color photoionization of atoms: Investigates the two-color

intensity and phase influences on the ionization of atoms.

e Study the two-color (OTC/PTC) strong-field photoionization of diatomic
and triatomic molecules: Investigate the fragments yield as a function of

relative phase and intensity ratio.

e Study the photoelectron momentum distribution (PEMD) induced by a
two-color field. Further Two-color induced asymmetry in PEMD is inves-

tigated.

e Simulate the tunnel electron trajectories in the single-color and two-color

laser fields and estimate the revisiting kinetic energy and angle in a two-

color field.

The objective of the thesis works is summarized in Figure 1.3.

1.2 Thesis Outline

This thesis has six chapters. The outline of the thesis is given below:

Introduction

In this current chapter, the motivation, the principle of the strong field ioniza-
tion, and the ultrafast perspective of the atoms and molecules are discussed. The
basic principles and the importance of the temporal studies of atomic/molecular
reactions are discussed in detail. The need for techniques and instruments used
for probing the processes are introduced and explained in detail in the method-

ology chapter.



10 Chapter 1. Introduction

Methodology

In this chapter, the methods and instruments employed for the current research
are discussed in detail. The principle, characterization, and mathematical repre-
sentation of femtosecond pulses, as necessary, are explained. Sample preparation
for the light-matter interactions has been delved upon. The principle of oper-
ation, simulation, construction, and calibration of the time-of-flight mass spec-
trometer, and a VMI spectrometer which was used throughout the research, has
been explained in detail. The generation of second harmonic pulses and different
techniques of calibrating and controlling the relative phase of the two-color fields
is explained in detail. The theoretical technique for electron trajectory in the

presence of an intense ultrafast light pulse is explained in detail.

Strong field ionization of atoms

In this chapter, the study on the strong field ionization of Argon and Xenon
was performed at various single and two-color laser parameters. The ionization
yield as a function of laser intensity is studied for a single color. It has been
observed that the experimental results fitted well with the ADK and PPT theory
at high enough intensities. The strong field ionization in the presence of circularly

polarized light is also studied and explained effectively.

The two-color orthogonal and parallel polarized intensity dependence of
single and doubly charged photoion yield is discussed in detail for both Xenon and
Argon. The production of ions in relation to the relative phase of the OTC and
PTC fields is examined in depth. An oscillatory trend in ions yield is observed
as the relative phase is varied. Further, the photoelectron distribution of single
color at FW (Fundamental wavelength) and SH (Second Harmonic) at different
intensities was performed along with the OTC and PTC varying both intensity
and phase. The observed trend in the yield of ions as a function of intensity and

relative phase is explained using simulation results.
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Strong field ionization of diatomic molecules

In this chapter, the homo-(Njy) and hetero-nuclear (CO) diatomic photoionization
by two-color laser field (OTC and PTC) and the role of intensity and phase on
the ion yield is investigated. The fragments yield as a function of intensity
and relative phase yielded interesting results. Asymmetry in the photoelectron
distribution is studied. We observed that the homo- and hetero-nuclear nature
of the molecule have a unique influence on the photoelectron distribution and
the asymmetry parameter. The observed results are explained based on the

simulated results.

Strong field ionization of triatomic molecules

In this chapter, the triatomic molecule (CO;) is examined with single and two-
color fields. A detailed investigation of the photoionization of CO, and its frag-
ments have been performed as a function of intensity, wavelength, polarization,
and pulse duration in the presence of single color. The knee structure associated
with Non-sequential double ionization (NSDI) is observed in the yield of parent
and fragment ions as the laser intensity is varied. Further, two-color photoion-

ization of COy is discussed in detail in this chapter.

1.2.1 Summary and Future works

In this chapter, the key findings on the single-color and two-color photoionization
of atoms (Ar & Xe), diatomic molecules (Ny & CO), and triatomic molecules
(COy) are discussed.

The future plans to investigate polyatomic and cyclic molecules in the
presence of not only OTC/PTC but also bi-circular fields to understand the revis-
iting electron-induced processes are discussed. Also, studying the HHG spectra
in the presence of two-color will strengthen our understanding of revisiting in-
duced processes, which I would like to do in the near future. Finally, my research

gives a new pathway to control molecular dissociative reactions using a two-color

field.






Chapter 2

Methodology

This chapter introduces all the experimental techniques, data acquisition
schemes, data analysis methodology, and theoretical /simulation schemes used
in this thesis. For thesis work, I developed a two-color pump-probe type setup.
Further, I contributed in the development of a new multi-plate Velocity Map
Imaging Spectrometer. PRL’s femtosecond laser system produces 25 fs fem-
tosecond pulses at 1KHz and a wavelength of 800 nm light pulses used in the
thesis. We have developed a code for the ADK ionization rate and also performed
a simulation of tunnel electrons in the two-color laser field. The experimental
results are interpreted based on theoretical/simulation results. The details of

experimental techniques/theoretical details are discussed below.

2.1 Introduction

The advent of femtosecond lasers opened an opportunity to chase the dynamical
process in molecules that occurs in the femtosecond time domain, such as vibra-
tional or rotational dynamics. The electron dynamics in atoms/molecules are in
the attosecond time domain. Thus, with femtosecond laser pulses, chasing and
controlling its dynamics is difficult due to the time resolution issue. Attosec-
ond light pulses may help on this front, which is a challenging scheme, growing
field, and beyond the scope of this thesis’s works/objectives. Alternatively, the
two-color scheme has emerged as a powerful scheme to probe and modulate the

wavepackets in the attosecond time domain by adjusting the relative phase of the

13
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Figure 2.1: Schematic femtolaser

two-color field. The amplitude of both fields may also affect the electron trajec-
tories in the field and thus influence the revisiting induced processes. In addition
to the femtosecond laser and utilizing these laser pulses in a two-color scheme,
suitable electron/ion spectrometers are also needed for ultrafast research. In this
thesis, I have used the in-house developed Velocity Map Imaging Spectrometer.
Here, I am introducing femtosecond laser, VMI spectrometer, two-color setup,

etc., used in the thesis.

2.2 Ultrafast Lasers

Gerard Mourou and Donna Strickland shared their 2018 Nobel prize for the
invention of chirped pulse amplification [68]. They demonstrated the generation
of the shortest and most intense laser pulses known to mankind. Chirped pulse
amplification fundamentally consists of a mode-locked oscillator, a light pulse
stretcher, an amplifier, and a pulse compressor. A typical femtosecond laser is
represented in Figure 2.1. The concept of mode-locking is vital for generating

femtosecond pulses.

2.2.1 Mode-locked femtosecond oscillator

Detail of mode-locking techniques is available in the literature [69, 70, 71, 72] and
also discussed in my book chapter [73]. An oscillator is broadly made up of four
crucial components, optical resonator/cavity, pump source gain media and finally
a negative dispersion component. Superficially the working of the oscillator is as
follows, the pump source excites the gain media (usually a Ti:Sapphire crystal)
to emit a broad band of radiation into the optical resonator/cavity comprised of
a set of mirrors forming standing waves/modes. These modes may not have a
constant phase with each other and oscillate autonomously, the process of fixing

the phase relation among the modes is termed mode-locking. There are two
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broad ways, named active mode locking and pasive mode locking, in which we can
achieve the fixed phase relationship between the modes of the laser cavity. Active
mode-locking employs a modulator, such as electro-optic or acousto-optic, with
an external signal, while in passive mode-locking, a saturable absorber behaves
as a modulator. An alternative method of modelocking is the Kerr modelocking
which is based on the Kerr effect based mode’s phase stabilization. The PRL’s
femtosecond laser (Coherent make) is based on the passive Kerr mode locking

system.

2.2.2 Stretcher/Compressor of femtosecond laser

The femtosecond pulse from the oscillator cannot be directly amplifed, as the gain
media (Ti:Sapphire crystal) in the amlifier may be damaged due to the high peak
powers at low pulse durations. Therefore, conventionally a pair of diffraction
gratings are used to stretch/compress pulses temporally by introducing a phase
among the different modes by dispersion. The ultrashort femtosecond pulses can
be stretched (chirped) to nanoseconds in the stretching unit of the femtosecond
laser. The stretcher unit gives a positive chirp (phase-mismatched), reducing
the peak power during amplification. After amplification, the compressor gives
a negative chirp to the positively chirped pulse (phase-matched). In order to
enhance the effects of stretching the laser pulse may be reflected multiple times
to obtain the desired pulse duration. The process of amplification is relatively

straightforward and is briefly explained further below.

2.2.3 Amplifier of femtosecond laser

The output of the oscillator (termed a seed pulse) after stretchering, passed
through an amplifier to produce a high-powered laser beam. There are two
schemes for amplification, regen amplification and multipass amplification of
stretched pulses. The Regen amplification is similar to the femtosecond oscillator,
discussed in my book chapter. In multi-pass amplification, stretched pulses get
amplified in each pass through the Ti: Sapphire crystal. Depending on the

output power of the laser and design, most commercial multipass amplifiers have
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Figure 2.2: Graphical representation of gaussian ultrashort pulse.

3-14 times pass-based amplification. The PRL’s femtosecond laser is based on a

Regen amplifier which produces 10 mJ at 1 kHz, 800 nm, 25 fs pulses.

2.3 Pulse Characterisation

Ultrafast pulse characterization implies the estimation of pulse duration and
phase of femtosecond pulses.For long pulses (100’s fs), the characterization
schemes are based on the auto-correlation type setup in which a femtosecond
pulse is split into two pulses, and the delay between both pulses (reference pulse
and unknown pulse) is probed.

A mathematical representation of the gaussian ultrashort pulse is,
E(t) = Boe 1@ (5) giter—s() (2.1)

where, Ej is the peak electric field of the pulse, 7 is the FWHM of the ultrashort
pulse, w is the wavelength of the carrier pulse represented in red (Figure 2.2) and
¢(t) is the Carrier-envelope phase.

Some of widely used pulse characterization techniques are listed below:

Intensity autocorrelation

Field autocorrelation

FROG

SPIDER

Intensity autocorrelation and field autocorrelation are two different

ways of characterizing ultrashort laser pulses. Field autocorrelation measures
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the temporal coherence of the electric field of a laser pulse, while intensity auto-
correlation measures the temporal coherence of the intensity of the laser pulse.
Field autocorrelation is typically used to measure the duration of ultrashort laser
pulses, as it is sensitive to the phase and amplitude of the electric field. It is
typically performed by mixing the electric field of the laser pulse in a nonlinear
medium with a delayed version of itself and measuring the resulting intensity at
the output. The temporal coherence of the electric field is then determined by
the shape of the resulting intensity profile.

Intensity autocorrelation, on the other hand, is less sensitive to the
phase and amplitude of the electric field but is more sensitive to the intensity and
energy of the laser pulse. It is typically performed by mixing the intensity of the
laser pulse with a delayed version of itself and measuring the resulting intensity
at the output. The temporal coherence of the intensity is then determined by
the shape of the resulting intensity profile.

Both field autocorrelation and intensity autocorrelation are commonly
used to characterize the ultrashort laser pulses, briefly discussed in the below

sections.

2.3.1 Field auto-correlation

Field auto-correlation techniques are used to measure the temporal properties of
ultrafast laser pulses. These techniques are based on the observation that the
electric field of an ultrafast pulse is correlated to itself at different times. The
degree of correlation can be quantified by the degree of overlap between two copies
of the pulse, which is known as the autocorrelation function. The autocorrelation
function can be measured using various techniques, such as frequency-resolved
optical gating (FROG) [74], spectral phase interferometry for direct electric-field
reconstruction (SPIDER) [75] etc.

Toaa(2) = /_ T B + B+ ) dt (2.2)

o0

The crossterm is the auto-correlation term Inc(z) = [~ E(t)E*(t +

z)dt.
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Figure 2.3: Schematic representation of SPIDER. M corresponds to mirrors, BS
corresponds to Beams plitters, and DS corresponds to delay stage

2.3.2 Intensity auto-correlation

Similar to field correlation, the reference and probe pulses are focused onto a
second harmonic Generation (SHG) crystal in this technique. Only the Second
Harmonic signal is measured using a power meter or photomultiplier as a function

of delay. Again, this technique cannot estimate the spectral phase of pulses.

2.3.3 Spectral Phase Interferometry for Direct Electric-
field Reconstruction (SPIDER)

Spectral Phase Interferometry for Direct Electric-field Reconstruction was a novel
interferometric technique invented by laconis and Walmsley in 1998 [76]. It is
a technique that measures the spectral intensity and phase by spectral shearing
interferometry. This technique can characterize pulse widths shorter than 107!
s. Figure 2.3 shows a schematic diagram of SPIDER. The test pulse is split
using the beam splitter (BS), a pulse passing through a glass slab or a pair of
gratings to chirp from fs to ps, while the unchirped pulse is passed through a
mismatched Michelson interferometer with a time delayed (7) pair of pulses. The

pair of unchirped pulses are interfaced with a nonlinear crystal (BBO) with the
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Figure 2.4: Femtosecond pulse characterization using PRL’s SPIDER.

chirped pulses. The unconverted blue pulses have different central frequencies
(spectrally sheared) since the pair interacts with different regions of the chirped
pulse. An interferogram is obtained using a spectrometer. The spectral phase
is retrieved by an inversion algorithm on comparing the obtained interferogram
with the pre-recorded (Calibrated) interferogram.

The pulse characterization of PRL’s femtosecond laser using SPIDER is
shown in Figure 2.4. The pulse duration is 27.9 fs. The spectrum phase variation
is clearly seen in the Figure.

Now, the ion/electron spectrometer used in the thesis is discussed here.
All measurements were performed using a VMI spectrometer. Before describing
the principle and detail of our VMI spectrometer, here I would like to introduce
the basics of the Time of flight mass spectrometer. This discussion will help to

understand the TOF mode of the VMI spectrometer.

2.4 Time of Flight Mass Spectrometer

A typical time-of-flight mass spectrometer works by differentiating ions reaching
the detector at different times based on their mass-to-charge ratio. A typical

linear TOF mass spectrometer is made of a repeller plate, extractor plate, and
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a drift region. The region between the repeller and extractor plate is called the
"interaction region.” For best resolution, the separation between the repeller,
extractor plates, and the length of the drift tube is optimized in simulation using
McLaren’s space focusing condition [77].

To illustrate the dependence of the mass-to-charge ratio on the time-
of-flight, consider the TOF-MS as shown in figure 2.5. The ion of charge 'q’
and mass 'm’ travels a distance 'S’ under the influence of a static electric field
'E,.” Considering ions with zero initial momentum, the time-of-flight T’ can be
written as follows where t, is the time of the ion spent in the presence of the

static field, and ¢, is the time spent in the drift region.

T=t,+tp+Tp (2.3)

where T} is the start time which here is considered to be 0, 5 = 4 /TTS,
tp = D/V with D being the length of the drift region and V is the velocity of

the ion.

resulting into

Dm
T=t,
+quts
28+ D m |1
= —/ = 2.5
( V2S ) q \V Es (2:5)

Therefore,

TOF o ,/
q
— TOF =a, /% +b (2.6)

Similar to the single-field mass-spectrometer, the multi-field TOF mass

spectrometer also has a linear dependence of time-of-flight with that of \/% .
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Figure 2.5: Schematic of Time-of-flight mass spectrometer

The current study employs an 11-plate mass spectrometer (VMI oper-
ated in TOF mode) to perform multiple time-of-flight measurements. A z-stacked
double-MCP in a chevron configuration is used as a detector. The signal from
the detector (MCP-back or screen) was decoupled using a homemade decou-
pler box and later connected to an analog-to-digital converting high-speed card
(TDC8HP) through a Constant Fraction Discriminator (CFD). An amplifier was
used before the CFD.

TOF Calibration can be performed using the simulation/calculation
for a known applied electrostatic field and other parameters such as s, d, and D.
Another scheme of calibration is using the Ar or Xe in the TOF spectrometer
and performing the photoionization experiment. The ions in the TOF spectrum
can be identified as a function of time-of-flight value. In the current work, we
have used Ar and Xe for calibration and obtained the calibration equation. For
example, the Ar photoionization was performed at laser intensity 0.69 PW /cm?.
Variables 'a’ and’ b’ are obtained using the linear fitting of known (\/%) ions as
shown in Figure 2.6. The calibrated time-of-flight spectra are plotted in figure
2.7.

2.5 Velocity-Map Imaging

Eppink and Parker in 1997 [78] developed a new electron/ion imaging technique

which was an extension and an improved version of the ion imaging technique
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Figure 2.6: [left] Uncalibrated TOF spectrum of Argon, [right] the calibration
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Figure 2.7: Calibrated TOF spectrum of Argon obtained at laser intensity 0.69
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2.5. Velocity-Map Imaging 23

invented by David Chandler and Paul Houston in 1987 [79]. This VMI maps
the electron or ions based on their velocity vectors. The potential applied to the
electrodes is such that charged species with equal kinetic energies are projected
onto a ring. Different kinetic energies are projected onto different concentric
rings, whose radii are uniquely related to the kinetic energy of the corresponding
charged species. The VMI spectrometer has a 47 solid angle collection effi-
ciency. The VMI can be used as a time-of-flight mass spectrometer with the
correct choice of potentials. Further, it can be used as a photoelectron spec-
trometer/photoelectron imaging spectrometer.

Typically a VMI spectrometer consists of 3 regions, the ionization re-
gion, the focusing region, and the field-free drift region. The ionization region
where the actual light-matter interaction takes place in the center of the Ex-
tractor and repeller plates which are maintained at high potentials(kV) for a
complete collection of charged species. The focusing region is comprised of an
extractor and focusing electrodes. A non-uniform electric field is maintained to
allow electro-static focusing and control of the spectrometer’s resolution. Finally,
a drift-free region is for better spatial and temporal resolution. The charged
species is collected after the drift region using a 2D detector (MCP-phosphor
and imaging camera). Our homemade VMI spectrometer is a Thick Lens Ve-
locity Map Imaging spectrometer (TL-VMI), considering that we employ nine
plates (out of 11) for finer resolution of the observed charged species. A brief

explanation of the simulation, construction, and assembly is presented below.

2.5.1 Simulation

Charged particle simulation in SIMION was performed before fabricating the
components like electrodes and a drift tube. A SIMION workbench was created
with actual measurements of the detector size, its position, and the position of
the ionization region. Further, multiple plates (electrodes) are added at specific
positions, and potentials are applied accordingly to create a non-uniform electric
field. Charged particles with specific kinetic energies were carefully assigned their

position and velocity vectors and were allowed to fly in the presence of potentials.
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Figure 2.8: Charged particle trajectories simulation for construction of Multi-
plate Velocity Map Imaging Spectrometer. The electrons with KE of 5eV, 10eV,
20eV, and 50eV are projected (focused) at the detector for the given electrodes’
potential. The simulation was performed in SIMION software.

Figure [2.8] shows the simulated VMI results, like electron trajectories in a given
electrode and the potentials in the focusing mode. It was observed that the
third plate ("focusing plate’ 3rd plate from repeller ) is crucial in the resolution
of the charged species; the charged species can be focused within or beyond the
detector. The potentials are optimized to have the most charged species focused

on the detector.

2.5.2 Construction and Assembly of multi-plate Veloc-
ity Map Imaging Spectrometer, mounted on CF200
flange

Based on the simulation, the VMI spectrometer was designed and fabricated in-
house. Space grade Aluminium - 314 was used for the electrode plates and the
rods to support the stack of electrodes from the flange. Since the degassing of
Aluminium - 314 material is very low, thus it is suitable for ultra-high vacuum.

The electrodes were separated using custom-made, tightly gripped ceramic spac-
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ers. The ceramic spacers insulate the electrodes from the body of the vacuum
chamber and allow the electrodes to attain floating potentials. The photograph
of the spectrometer is shown in Figure [2.9] before the installation of the detec-
tor. The repeller was independently connected to an SRS-High Voltage power
supply capable of supplying up to 20kV. The extractor and Focusing electrode
are independently connected to the NIM power supply, which can be toggled
between the polarity and can supply voltage with high precision up to 6kV. The
remaining nine plates (including the drift region) are connected to each other
using high-rated resistors, maintaining the required potential difference. The
vacuum was maintained at around 107!® bar, while during operation, the pres-
sure dropped to about 1071° bars. A p-metal shielding was installed around the
VMI spectrometer to restrict or reduce the effect of the earth’s magnetic fields
on the low-energy electrons. A simulation was performed to estimate the thick-
ness of mu-metal based on the available information on Earth’s magnetic field

at Ahmedabad. This simulation was performed in COMSOL software.

2.5.3 Calibration of the VMI spectrometer

Based on the applied potentials on the electrodes, the different KE electrons will
hit the detector at different places on the detector. As discussed, a ring will
be formed on the detector for a fixed KE of photoelectrons. To calibrate this,
we have to find out the relation between the kinetic energy of the photoelectron
as a function of the radius of a ring in pixels. Here, we have used the Xenon
to calibrate the spectrometer as it has unique P/, and Pj3/; rings on the VMI
images. Using 800 nm for the strong field ionization of Xenon, it is compared
with the 400 nm VMI images. Since the single photon energy of 400 nm is
precisely double that of 800 nm, the VMI images are compared and calibrated.
The first ring of the 400 nm VMI image is supposed to be equal to that of the
second ring of the 800 nm VMI image. Similarly, the second ring of the 400 nm
VMI image is compared with the fourth ring of the 800 nm. The pixel length
from the center (zero energy electrons) to the rings is calculated and compared

for both colored fields. In the focusing mode of VMI, we obtained the equation
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Figure 2.9: VMI electrode assembly
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for calibration. It is observed that the square of the radius of the VMI images is
directly proportional to the energy of the particles on the ring.

The unknown constants of the equations 7> = A+ BE are calculated by
appropriate simultaneous equations. Each ring on the VMI image represents mo-
mentum along x and y. A 3-dimensional plot of p,, p, and p, are calibrated with
the method as mentioned above with the Energy (E) representing /p2 + p2 + p?.
Since p, is in the plane, a plot of p, and p, with atomic units is the calibrated
VMI image. A relation between the momenta either p, and p, to the pixels on

the VMI image is obtained and used for calibration.

2.6 Two-color setup

In the thesis, we developed three types of two-color setups. Three methods are

discussed below.

e Two-color pump-probe type setup
e Wedge mirrors based two-color setup

e (alcite plate based two-color setup

In all three setups, getting overlap in space and time between FW and

SH is challenging; thus, here we are discussing our scheme to achieve the overlap.

2.6.1 Overlap confirmation by detecting the Third Har-

monic Generation

The third harmonic (TH) generation of 800 nm corresponds to 266 nm. It can be
generated by temporally and spatially overlapping the FW and SH onto a third
harmonic generating (BBO) crystal. The bunch of FW, SH, and TH are incident
on a harmonic separator, which reflects the TH and allows FW and SH to pass
through. The TH is in the UV regime, which was detected using a spectrometer.
The yield of TH is about 15% of that of SH. Detection of the TH signal can

validate the temporal overlap of FW and SH and can also be used as a strategy
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Figure 2.10: Third Harmonic detection using a spectrometer. FW, SH, and TH
peaks are observed at the overlap of FW and SH.

for cross-correlation to measure the pulse duration of SH. The integrated yield
of TH is plotted against the delay in FW and SH paths and is shown in Figure
[2.11]. This plot is obtained by integrating the TH yield as visible in Figure 2.10.

In all setups, we have to create a delay between two colors and observe
that the results are consistent and reproducible, and all three setups give the same
scientific results. We have verified with measurement on Xenon, and results on
photoelectron yield as a function of delay are discussed here. This effort is made
to ensure that there are no experimental artifacts or issues with any data, as it

has been checked by three different schemes. Further, it helps us to calibrate the
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Figure 2.11: Yield of Third Harmonic Generation as a function of the delay
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Figure 2.12: Schematic of two-color setup, [A] Calcite-based two-color setup, [B]
Wedge mirrors based two-color setup, [C] Pump-probe type two-color setup

ion yield oscillation. Below, we briefly describe all three setups.

2.6.2 Pump-probe method

The Fundamental Wave (FW) is split into two pulses using a 70:30 beam splitter
as shown in Figure 2.12. The path with power (70%) is tagged as the ”"probe”
path, while the other one is tagged as the "pump” path. Two sets of half-wave
plates and a Polarizer (P) are used to control power and polarization. A mo-
torized linear stage (Newport XPS) is used to create a path difference in the
pump-probe path. The pump and probe paths are combined at the (HS) har-
monic separator. The paths of the pump and probe are adjusted to be equal and
confirmed with a type-1 BBO crystal of 100pm thickness (beyond HS). After
ensuring the paths of FW-FW are equal, A type-1 S— Barium Borate second
harmonic generation (SHG) crystal of thickness 100pm is used to generate 400
nm. The SH and FW pulses are spatially and temporally overlapped on the
BBO THG crystal, and the TH signal is measured using an optical spectrometer
(Avantes). Inside the vacuum chamber, the overlap can be confirmed by monitor-
ing the amplification in the yield of ions in the time-of-flight spectrum. The phase

dependent photoelectron yield in both orthogonal and parallel polarizations is
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obtained and is shown in the Figure 2.13(bottom) and Figure 2.14(bottom)

2.6.3 Wedge-plate method

A pair of BK7, AR coated 8° wedge plates are used to set up a delay between
FW and SH as shown in Figure 2.12. One wedge is mounted on the linear stage
(piezo-controlled), while the other is static. We verified the temporal overlap
by measuring the THG signal outside the VMI setup and for overlap inside the
VMI chamber, the amplification in ions yield in the time of flight spectrum is
monitored. We developed a LabVIEW program to integrate the linear stage with
the CCD camera. A delay resolution of the linear stage was of 5 nm is possible
in the used setup. A revalution of 13.6um of relative delay was used to measure
the Xe photoelectrons as a function of delay as shown in the Figure 2.13(middle)
and Figure 2.14(middle). The change in pulse duration on the introduction of

the wedge plate stretches the pulse for about 3 fs.

2.6.4 Compensation plate

A tilt of the compensation plate of calcite (EKSMA optics FKE-800-020-M) can
be used to introduce and control the delay between FW and SH. The compen-
sation plate is mounted on a piezo-controlled circular nano positioner (Attocube
ECR 3030). A compensation plate equilibrates the mutually perpendicular FW
and SH beams. The chirp induced by the compensation plate onto the FW was
found to be 1- 2 fs. A resolution of 0.163 m deg was used to observe the oscilla-
tion of photoelectron yield from the Xe sample with similar powers used in the

other two schemes as shown in the Figure 2.13(top) and Figure 2.14(top).

2.7 Classical Electron Trajectories

In strong-field ionization induced by intense laser pulses, the tunneling elec-
tron follows the laser field, and it may revisit to parent ion as described by a

three-step model of Paul Corkum|[80]. This revisit electron may initiate many
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Figure 2.13: Photoelectron yield as a function of delay in all three setups in PTC
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processes, such as Nonsequential double ionization (NSDI), High Harmonic Gen-
eration (HHG), ultrafast photoelectron holography, etc.

The computation of electron trajectories is comprised of 2 parts: quan-
tum treatment of the electron dynamics within the atomic and molecular sys-
tems and semi-classical electron trajectory computation of electrons in the pres-
ence of intense electromagnetic fields. The quantum analysis of the electron
dynamics within the atomic and molecular systems can be performed by solv-
ing Schrodinger’s equation. In the semi-classical electron trajectory calculation,
electron position, the kinetic energy of the electron, and its ionization time can
be treated as the initial conditions. The electron trajectories can be calculated

by solving the equation of motion.

d?y

me@ = _eEfield (2-7)

where m, is the mass, e is the charge of the electron, Fycq is the electric field
of laser, and ‘%’ is the acceleration of the electron in the field in the derivative
form of the electron position.

The double integration of Eqn [5.1] can give the electrons’ position and
velocity. The velocity and the position of the electron at the instant of tunnel
ionization can be considered to be 0, which are the boundary conditions for

solving the above integration.

2.7.1 Single color Field

A pulsed electric field representing an ultrashort electromagnetic pulse repre-
sented in Eqn[2.8] is considered as the source for the electric field. The cos? term
defines the envelope of the pulse, while the sin term represents the carrier of the
pulse.

Eicia = Asin (o +w (t + 1)) cos® (kw (t + 1)) (2.8)

A represents the amplitude of the electric field, w represents the wave-
length of the electric field, a represents the carrier-envelope phase, k represents a

constant that is governed by the pulse duration and 7 represents the time offset
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Figure 2.15: [top] 20 Electron trajectories at different birth times in the presence
of 400 nm electric field, with peak power 0.46 PW /cm?. [bottom] The kinetic
energy of the electron at every instant (5 as). The color codes of the kinetic
energy of the electrons correspond to their electron trajectories.
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Figure 2.16: [top|The shaded region in the left panel represents the range of birth
times over the electric field of the 400 nm pulse, with peak power 0.46 PW /cm?.
[bottom| The recollision kinetic energy of the electrons with different birth times.
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Figure 2.17: [top]20 Electron trajectories at different birth times [left] in the
presence of 800 nm electric field, with peak power 0.46 PW /cm?. [bottom] The
kinetic energy of the electron at every instant (5 as). The color codes of the
kinetic energy of the electrons correspond to their electron trajectories.
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Figure 2.18: [top|The shaded region in the left panel represents the range of birth
times over the electric field of the 800 nm pulse, with peak power 0.46 PW /cm?.
[bottom| The recollision kinetic energy of the electrons with different birth times.
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of the wave on the time axis. Eqn[2.8] is used in equation Eqn[5.1] and solved
with boundary conditions that the position and velocity are 0 at birth-time. The
birthtimes are varied for half a cycle of the wavelength(w), and the correspond-
ing kinetic energy of revisiting electrons is computed and plotted. It is clearly
observed that the electrons with birth time lie in the shaded region of Figure
[2.16 and 2.18](top panel) have trajectories returning back to the center, while
the other birth times’ have direct electron trajectories. The trajectories of the
electron based on birth time have been plotted and shown in Figure [2.15 and
2.17]. The kinetic energy of the electron has been computed by getting the ve-
locity of the electron at the instant of revisit and has been plotted in Figure [2.16
and 2.18] (bottom panel). The resolution of the birth time was 1 as (x1071%s),

while the trajectory has been computed with a resolution of 5 as.

For simplicity, only a select number of trajectories have been shown
in Figure [2.15]. The bottom panel of the figure represents the kinetic energy
of the electrons at every instant (5 as). The color code of the trajectories (top
panel) corresponds to their kinetic energies at every instant. It can be observed
from Figure [2.15](bottom panel) that the kinetic energy of the electron at some
instants is as high as 55 eV. The kinetic energy is maximum when the field is
about half the maximum amplitude, and the kinetic energy drops to 0 when
the field flips and the electron is driven in the opposite direction. It can also
be observed that for some unique birth times, the electron revisits the nuclear
centers more than once. This is usually employed to explain intercycle interfer-
ences, electron diffraction, and other self-probing techniques. The first revisiting
kinetic energy of the trajectories is plotted against the electron birthtimes. The
maximum kinetic energy is 3.17 U, [20] for corresponding wavelength and in-
tensity [as described in equation [2.9]. In comparison, the second harmonic (400
nm) has a relatively lower maximum kinetic energy, almost four times lower than
the fundamental harmonic (800 nm). It was also observed that the probability
of the recollision increases with the increase in the wavelength of the incident

radiation(electric field)[81].
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Figure 2.19: Top panel represents the 800 nm and 400 nm two-color fields. The

bottom panel represents the resultant of orthogonal two-color fields.
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U, = 9.3 x 10" I[PW/cm*|\2[nm] (2.9)

2.7.2 Orthogonal two-colored linearly polarized fields

The equation of motion of the electron in the presence of the superposition of
a pulse with wavelength (w) and it’s second harmonic (2w) orthogonal to each

other can be represented in Equation [2.10].

d*x . d%y .
Mme —2$ + wy

7 } = [eAsoo sin (wsoo(t + 7s00)) cos? (ksoowsoo(t + 7s00))] 2+

[eAugo sin (waoo(t + 1400)) cos” (kagowaoo(t + n100))] G (2.10)

Figure [2.19] represents the two-color orthogonal fields graphically at
equal intensities [top panel] and their resultant at 0 phase [bottom panel]. The
hemispherical resultant field distribution changes according to the phase. The
return probability of the electron trajectories is reduced drastically, and only
certain trajectories are allowed and can be selected by choice of peak powers and

their relative phases.

Solving the above equation with similar boundary conditions as above,
the trajectories of the electrons have been plotted accordingly. The trajectories
having coordinates x,y = 0, at the same instant are considered as the revisit of
the electron. Corresponding velocity vectors are tabulated. The velocity vectors

are used to compute the kinetic energy and the angle of a revisit.

2.7.3 Parallel two-colored linearly polarized fields

Similar to OTC, the equation of motion of the electron in the superposition of a
pulse with a wavelength (w) and its second harmonic (2w) parallel to each other

is represented in Eqn[2.11].



42 Chapter 2. Methodology

Ap=0 Ap=r/2
80 - -

(o))
o
|
|

Kinetic energy
[eV]
S
|
|

20 — - g
| 18
0 T T 1 T g T T T T
0.8 1.2 0.8 1.2
Birth time
[fs]

Figure 2.20: Maximum kinetic energy of the revisiting electron in the presence
of OTC fields as a function of the birth-time.
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d*y .
Me [d—ti/y] = [eAsoo sin (wsoo(t + 7s00)) cos” (ksoowsoo(t + 7s00)) +

€A400 sin (W400 (t + 7]400)) COS2 (k400¢d400 (t + 7]400))} Q (211)

Graphically the resultant of the parallel two-colored linearly polarized
field is shown in Figure [2.21], associated with kinetic energies of different birth
times is shown in figure [2.22]. These simulated results give us a clear idea
about revisiting electrons and their kinetic energy. These revisiting electrons
may induce excitation/ionization and may also affect the fragmentation process
of molecules. The results of revisiting electron-induced processes are discussed

in the next chapters [3-5].

2.8 Theoretical ADK modelling

The ionization rate for Ar" is theoretically obtained using the Ammosov-Delone-
Krainov (ADK) theory. The rate of tunneling ionization for an atom can be

expressed as [1]:

2n*—|m|—1
wADK(F):C'fL*l*f(l,m)Ip( 2 ) (2.12)

FTL*S
where,

(204 1)(I 4 |m])!

P = o = ) 21

In the following equation, n* = 1/4/(I,) where I, is the ionization
potential for the given valence orbital, F' is the field strength, and [ and m are
the azimuthal and magnetic quantum numbers respectively with respect to the

quantization axis which is given by the direction of the laser polarization.
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Figure 2.21: Top panel represents the 800 nm and 400 nm two-color fields. The
bottom panel represents the resultant of parallel two-color fields.
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Atom L,(eV) Ci
Ar 15.79 4.116

Table 2.1: The parameters used in the theoretical model of ADK for Ar from
Ref. [1]are given below.

Here,

22n*

n*T(n* + I* + 1)T'(n* — 1*)

C2%, = (2.14)

The values of C2.,. and I, used in the calculations are tabulated in in Table 2.1.

In a pulsed laser field, the electric field has the form of [82]:
F(t,r, z) = Fyexp (—2In2t*/7%) exp (—2In27? /W (2)?) (2.15)

where Fj is the peak strength of the laser field and 7 is the FWHM of the laser

pulse.

W (z) = wor/(1 + 22/23) (2.16)

where wy is the spot size and zx is the Rayleigh range, is defined by mw?2/A
where A is the wavelength of the laser pulse.

The ionization probability is given by [16, 82]:-

P=1- exp/w(F(t,r, z))dt (2.17)

Theoretical ionization rate is written using the in-house developed MATLAB
programming. The focal volume averaging was included in the program by in-
tegrating over the spatial components (i.e., integrating over r and z), where r
varies from -45 pm to 45 pum and z varies from 0 to zz. The Rayleigh range
calculated (zg) here was 1.57 mm for the beam spot size (wg) of 20 ym. The
ionization probability here was integrated from a time delay of -15 fs to 15 fs.

The theoretical ADK curve of Ar™ is shown in Figure 2.23.
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Figure 2.23: Theoretical ionization probability of Ar™ using ADK model

2.9 Summary and Conclusions

In this methodology chapter, we discussed all the experimental techniques and
simulations used in this thesis. For this thesis work, the development of a new
VMI setup and two-color pump-probe setup are discussed in detail. Further,
the calibration scheme of VMI, the data acquisition scheme for ion yield as a
function of intensity and relative phase, is also introduced. The classical tunnel
electron trajectories simulations and ADK theory simulation are also discussed

in this chapter.






Chapter 3

Single-color and two-color
induced ionization of atoms:

Argon and Xenon

The strong-field ionization of atoms (Ar, Xe) using single-color and two-color
laser fields are discussed in this chapter. In the case of single-color-induced pho-
toionization, the intensity dependence on the ion yield is investigated in detail.
The ADK ionization rate is compared with the experimental results. To in-
vestigate how revisiting electrons affect the ionization rate, we have performed
two-color-induced photoionization of Ar and Xe. We have measured the ions
yield as a function of intensity and relative phase of Fundamental Wave (FW)
and Second Harmonic (SH). Two-color fields modulate the revisiting electron
trajectories, and the signature is seen in the ion yield. Further, the asymme-
try in momentum distribution is obtained to understand the two-color induced

modulation of tunnel electron trajectories.

3.1 Introduction

Chasing the electrons and nuclear dynamics in molecular photodissociation and
controlling the outcome of the molecular reaction is one of the prime aims of ul-

trafast atomic, molecular and optical physics. The development of ultrafast laser

49
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and modern experimental techniques like pump-probe combined with Velocity
Map Imaging Spectrometer and Cold Target Recoil Ion Momentum Spectrome-
ter have given a possible option to probe the ultrafast dynamics and even control
them. The available commercial femtosecond laser produce pulse of about 20 fs
or even less up to 5 fs with the hollow core fiber compression technique. Electron
dynamics in atoms or molecules are in the attosecond time scale, and nuclear
dynamics is in the picosecond to femtosecond range. Thus, the femtosecond
pulses can probe and control the molecule’s nuclear dynamics, but attosecond
light pulses are needed to chase electrons. The last few decades have witnessed
many scientific developments in the field of ultrafast science, like the development
of attosecond pulses using High Harmonic Generation [83], [84], Time-resolved
holography with photoelectron [85], Angstrom- and femtosecond-scale atomic

motion movie [86], molecular orbital tomography (MOT) [87], etc.

The two-color field-induced ionization scheme has emerged as a pow-
erful technique to control electron dynamics. In a two-color field scheme, the
polarization of both fields can be chosen as orthogonally polarized two-color
(OTC) or parallel polarized two-color (PTC). Both schemes have been success-
fully used in the past decade to demonstrate electron dynamics control. For
example, double-slit interference temporal control [88], Coulomb effect on pho-
toelectron momentum distribution [89], intracycle interference (between electron
wave packets ionized within the same laser cycle) [90], and electron correlation

in Non-sequential double ionization (NSDI) [88], [91], [92].

In this study, we report the yield of singly and doubly ionized Argon
induced by a two-color as a function of relative delay (phase) with attosecond
resolution. We investigated the power ratio of FW and SH as a function of
ionization yield and observed the unique trend of doubly ionized Argon. Further,
photoelectron momentum distribution at different relative phases is obtained to

understand the modulation induced by the two-color field.
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3.2 Methodology

Detail of the laser, spectrometer and experimental scheme is discussed in Chapter
2: Methodology. Here, we briefly described the experimental parameters used in

the strong-field ionization of CO,.

3.2.1 Single color photoionization experiment

The strong field photo-ionization of Ar has been studied using femtosecond laser
pulses in combination with a home-built multi-plate Velocity Map Imaging (VMI)
Spectrometer. An Argon gas of about 6 bars is used through the pulsing valve
(Parker) with an opening of 1000 microns. The laser pulse (29 fs, 1 kHz, 800
nm) interacts with the Argon gas beam in the interaction region of the VMI
spectrometer. For ion yield measurements, the VMI was operated in Time-of-
flight (TOF) mode. The TOF spectrum at given laser intensity was recorded and
analyzed. In this study, the laser intensity varies from 0.10 to 0.70 PW /cm?.
During the experiments, the pulse duration was monitored using a com-
mercial SPIDER (FC-SPIDER, APE Germany) unit. Previously, we reported the

pulse characterization [93], [94] and also discussed it in the methodology chapter.

3.2.2 Two-color photoionization experiment

Photoionization of Argon by a two-color field is performed in a VMI spectrometer.
The experimental setup can be categorized into two parts: the velocity map
imaging spectrometer and the optical setup, which includes the laser system,
SPIDER, and w — 2w generation. The laser system used for the experiment was
a Coherent Ti: Sapphire femtosecond laser whose central wavelength is 800 nm,
pulse duration of 26 fs with pulse energy of 10 mJ at a 1 kHz repetition rate.
The optical setup has a Mach-Zehnder interferometer setup in which
one arm is for the fundamental wave(FW) at 800 nm, and the other is for the
second harmonic (SH) at 400 nm. A type-I 5-BBO of 100um(Eksma-Optics)
is used in the SH arm to generate a second harmonic with approximately 12%

efficiency. The power of individual paths is controlled by the half-wave plate and
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a polarizer combination.

A delay stage in the 400 nm path is used to make the path lengths equal.
An Avantes spectrometer is used to measure the THG, and the delay stage is fixed
at the point where THG(266nm) is maximum, ensuring the temporal overlap of
400 nm and 800 nm within 1um resolution outside the VMI chamber. A CaF,
window is also placed before the THG generation so that the optical path lengths
of the 400 and 800 nm inside the CaF,; window are also taken into account while
finding their temporal overlap. The Orthogonal/Parallel Two-Color(OTC/PTC)
configuration is obtained by adjusting the polarizers in both paths suitably. The
phase between the FW and the SP is adjusted by the Newport XML350-S delay
stage, which has a resolution of Inm in the 400 nm path, and polarizers in both
paths are used to adjust various intensity ratio combinations. The delay stage is
moved at a 20nm interval corresponding to 133.33 attoseconds temporally during

the experiment.

3.2.3 ADK ionization rate

We have obtained the ADK ionization rate of Argon at the used laser intensities
(0.1 - 0.7x PW/cm?). The detail of ADK mathematical expression, parameters

used, etc., is discussed in the methodology chapter.

3.3 Results and Discussions

[A] Two-color laser field-induced photoionization

of Argon

3.3.1 Single and two-color field-induced ionization of Ar-
gon: Intensity dependence
Figure 3.1 [top] shows the Art and Ar?* yields as a function of single-color (800

nm, FW) laser intensity. The yield of Art is increasing in the laser intensity

range of 0.11 to 0.4 x 10" W/cm? and saturates beyond 0.4 x10* W/cm?. A
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similar increasing trend in Ar?* is also observed, which saturates at about 0.5
x10" W /cm?. The ionization rate of Ar" obtained using ADK calculation is
also shown in the same figure. It is interesting to see that the ADK ionization
rate (black curve, normalized with a factor of 3.5) agrees well with the exper-
imental result at high intensities (above 0.4 x 10 W/cm?). It shows some
deviation at low intensities (MPI regime) where the ADK breakdown [95]. The
deviation in ADK rate from the experimental result (factor 3.5) is possibly due
to various processes like sequential double ionization (SDI) or non-sequential
double ionization (NSDI) and enhanced ionization (Freeman resonances), which
are not incorporated in ADK calculations. Similar trends in Ar*™ and deviation
of ADK ionization rate at low intensities have also been found previously [96]
but not much work is reported on the Ar?* trend. However, the ion yield ratio
(Ar** /Art) as a function of laser intensity has been used earlier to understand
the NSDI [96, 97]. The observed single-color induced Ar™ yield as a function of
laser intensity will be compared to the similar yield plot induced by a two-color
field. The two-color field (Parallel polarization Two-Color (PTC) field) induced
ion yield trend may completely deviate from the single-color case as a combi-
nation of laser intensities and relative phase may influence the ionization yield.
Here, we investigate the ion yield trend as a function of two-color laser intensity

and relative phase.

The Ar™ and Ar?" yield as a function of two-color laser intensity is
shown in Figure 3.1 [bottom]. This plot is obtained at a fixed 0.25 PW /cm? of
SH intensity while varying the 800 nm intensity from 0.05 to 0.38 PW/cm?. As
both colors contribute to ionization, the resultant effect on ion yield may have a
different trend than the single-color-induced ion yield trend. Interestingly, we can
see the different trends in the ion yield of Ar* and Ar?* in the case of two-color
(PTC) fields. In the 0.3 x 10" W/cm? to 0.4 x 10" W/cm?, the yield of Ar"
is constant and Ar?* yield is slightly decreasing. Beyond the 0.4 x 10* W/cm?,
the yield of Ar?" is increasing and the yield of Art is decreasing and beyond
0.5 x 10 W/cm?, both the Ar™ and Ar?" ions yield saturates. This trend is
due to two-color (PTC) induced ionization in which the enhanced double ioniza-

tion and depletion of singly ionized Ar occur in the range of 0.40 - 0.55 x 104
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W /em? of the sum of both colors intensity. This trend is completely different
from the single-color-induced ionization in the same intensity value. In the case
of single color induced ionization, the ion yield ratio (e. g. Ar**/Ar") is usually
used to interpret the enhanced doubly ionization induced by revisiting electrons
[80, 98, 99]. We also plotted the ion yield ratio for single-color and two-color
photoionization, and the results are shown in Figure 3.2. The top panel of the
figure is the ion yield ratio (Ar**/Ar™) as a function of laser intensity obtained
with a single color (800 nm). The ion yield ratio (Ar?**/Ar™) is gradually in-
creasing as a function of intensity and saturates beyond the 0.5 x 10 W /cm?.
In the bottom panel of the figure, an ion yield ratio (Ar**/Ar™) as a function of
the sum of the intensity of two-color (800 nm + 400 nm) is shown.
Interestingly, a unique trend in ion yield ratio is observed in the case
of two-color (PTC) photoionization. This kind of trend is never reported. This
sudden enhanced double ionization due to the two-color (PTC) field is possible
to understand based on the tunnel electron recollision. In a single-color field,
the tunneling electron revisits to parent, and the probability of revisit depends
on the nature of laser pulses that guide the electrons. It is now accepted that
processes like HHG, NSDI, etc., are due to the revisiting electrons. The NSDI
or RESI processes have been studied previously mostly by single-color (FW)
photoionization. Here, we found similar to the NSDI process but in the two-
color field where electron return probability depends on the intensity and relative
phase of two-color, which may modulate the electron trajectories. To explain
the observed trend, we have schematically shown (in figure 3.3 ) the possible
processes which are most likely responsible for the observed enhanced double

ionization of Argon.

3.3.2 Phase dependent two-color photoionization Argon:

PTC & OTC

Like the intensity of a two-color field, the relative phase may also influence the
ionization rate of Argon. In this section, our investigation of the phase-dependent

two-color (PTC) ionization is discussed. The Ar™ yield as a function of relative
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phase is shown in the top panel of figure 3.4 and the yield of Ar** as a relative
phase is shown in the bottom panel of the same figure. The variation in yield of
Ar™ and Ar?* is clearly seen. Both ion yields are oscillatory in nature and have
a periodicity of m. Interestingly, the Ar™ and Ar?" yields are anti-correlated.
Here anti-correlation means that when Ar™ yield is high, then Ar?* is low. This
observation suggests that at a given relative phase, the Ar™ yield is converted to
the Ar?* induced by a two-color field. At the used intensity, the TT is possible
by FW, and MPI is by SH. Thus, at a given relative phase, both TI and MPI
are contributing to the yield of Ar* and Ar?* ions. Further, the electron revisit
to the parent ion may also efficiently contribute to excitation or ionization and,
thus, the depletion of single ionized Argon and enhancement in double ionization
is most likely, which explains the observed anti-correlation trend.

The two-color (OTC) induced photoionization of Argon is also studied.
The Art and Ar?** yield as a function of relative phase in case of OTC field
is shown in figure 3.5. The yield of Ar™ and Ar?* are oscillatory and have a
period of w. The Ar** yield is low compared to Ar*t. The Art and Ar?* yield
trends are anti-correlated, similar to the PTC case (figure 3.4), suggesting a
similar mechanism of doubly ionized Argon formation in the two-color field. A
classical trajectory simulation (discussed in the methodology chapter) advocates
revisiting electron-induced double ionization.

Here, we studied the two-color induced photoionization of Argon as
a function of intensity and relative phase. We observed that the ion yield is
sensitive to the intensity and phase. Now we extend our study to photoelectrons.

The findings on photoelectrons are discussed in the next section.

3.3.3 Two-color (PTC) induced Photoelectron Momen-

tum Distribution: Argon

The photoelectron momentum distribution (PEMD) of Argon induced by a two-
color (PTC) field at Iggg = 0.24 PW/cm? and Io0 = 0.12 PW/em? is shown
in Figure [3.6], both SH and FW polarization was along the x-axis (parallel to

detector plane). Photoelectron distribution at relative phase 0 is shown in the
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detector plane.
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intensity ratios (Isp/Ipp). The yield at the relative phase at 0 and 7/2 is also
shown in this figure.
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top panel, and the photoelectron distribution at a relative phase at /2 is shown
in the bottom panel of this figure. The intensity of photoelectrons along the
polarization axis is maximum in both PEMD images. The ATTI structure and
sub-structures are clearly visible in the PEMD images. The radial pattern(ATI-
rings) for single and two colors has been reported by other groups [100, 101, 102],
and similar structures have been observed here. The observed unique ”"bouquet”
shape structure and the ring structures by multiphoton absorption have also been
interpreted theoretically [102]. The clear amplification in the intensity can be
observed in the PEMD of /2 (color bar). The narrow sub-structures above 0.2
a.u. are likely due to the freeman resonances[102]. The PEMD is distinguished
into 2 major contributions. Firstly, the electron momentum density beyond
0.2 a.u., which has been attributed to (n+1)resonance-enhanced ionization via
intermediate Rydberg states. Secondly, the structures below 0.2 a.u. are the
low-energy spectra, and the bouquet (fan) in the low-energy region increases or
decreases by one unit based on the intensity of the applied field. This low energy
structure is not due to the rescattering of indirect electrons, but a consequence
of the long-range coulomb potential effect [103]. The two-color fields may also
influence the PEMD. To understand the two-color fields, we have investigated
the photoelectrons as a function of intensity and phase.

Figure [3.7] [top] displays the photoelectron yield as a function of rela-
tive delay between 800 nm and 400 nm pulses, recorded with a step size of 132
as (£ 13 as) using a precision motorized stage (Newport’s XPS). The observed
oscillation has a period of 1.3 fs, with optical cycle of 400 nm. The delay can also
be interpreted as the relative phase between FW and SH, shown in this figure’s
[top] axis. The period of 7 for the oscillations of the photoelectrons is similar to
the ion yield defined above (Figure [3.4] and Figure [3.5]).

To understand the two-color intensity dependence on the total photo-
electron yield, the photoelectron yield at relative phases 0 and /2 has been illus-
trated in the bottom panel of Figure [3.7]. The bar plot indicated the yield of the
photoelectrons at both relative phases for 2:1 (Ipy = 0.24 PW/em? (v = 0.73),
Isg = 0.12 PW/em? (v = 2.14)), 2:2 (Ipw = 0.24 PW/cm? (v = 0.731), Isy
= 0.24 PW/em? (v = 1.462)) and 4:2 (Ipy = 0.46 PW/cm? (v = 0.54), Isy
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= 0.24 PW/cm? (v = 1.46)). The ~y values for the range of intensities indicate
that FW is in the domain of tunnel ionization while SH is in the multiphoton
ionization regime. It is clear from the bar plot that the photoelectron yield at
relative phase 7/2 is relatively higher compared to phase 0. We observed that
the photoelectron yield is increasing at intensities 2:1 to 4:2 of the two-color field.
We learned that the intensity and the relative phase of two-color fields influence
the ionization and, thus, the yield of photoelectrons. The two-color field may
also affect the photoelectron momentum distribution (PEMD). In figure 3.6, the
variation in PEMD at relative phase 0 and at 7 is not significant. To understand
how the two-color field affects the PEMD, an asymmetry parameter analysis of

PEMD induced by two-color field analysis is needed.

The asymmetry parameter defined in equation [5.15] can confirm the
induced asymmetry by a two-color field. Asymmetry along p, has been evaluated
at p, = 0, Similarly, asymmetry along p, can be obtained at p, = 0. The
asymmetry between two pixels is determined by selecting one pixel (intensity)
along the x-axis to the right of the center with intensity Ix and a matching
equidistant pixel (intensity) to the left of the center with intensity Ix.

Ix — Ix

Asymmetry(p,) = T 1o (3.1)

Here, asymmetry along p, is defined using the asymmetry parameter
defined in the equation [5.15]. The I, is the intensity of a pixel along the x-axis
(py = 0) lying to the right of the center (zero-energy), while I,/ is the intensity

at equidistant on the other side of the center of the image.

In Figure [3.8], the asymmetry parameter as a function of p, at relative
phase 0, /2 for PEMD of I, — I, as well as for 400 nm (I,,) are shown
and compared. Here, the asymmetry of 400 nm is considered as a reference,
where asymmetry must be zero (observed asymmetry in 400 nm is less than 0.1
and probably due to experimental artifact). It is important to mention that no

spatial efficiency correction is performed in this MCP detector.

The asymmetry along the polarization axis (x-axis) shows a significant

modulation beyond 0.2 a.u and no modulation till around 0.22 a.u. This obser-
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Figure 3.8: Asymmetry in p, as a function of laser intensity ratio.

vation is consistent with published work [102], which explains based on the low
variation in the long-range coulomb potential. It is observed that the modula-
tion in the asymmetry of both 0 and 7/2 is maximum in the resonance-enhanced
region. The tunneling ionization of 800 nm and the multiphoton regime of 400
nm modulates the electrons, which are resonance-enhanced ionization via inter-

mediate Rydberg states.

3.3.4 Two-color (OTC) induced Photoelectron Momen-

tum Distribution: Argon

The photoelectron momentum distribution of Argon induced by a two-color field
at Igpo = 0.24 PW/em? and Iy = 0.12 PW/cm? is shown in Figure [3.9], the
FW polarization was along the x-axis (parallel to detector plane) while the SH
was along the detector. In the top panel, photoelectron distribution at a relative
phase of 0, and in the bottom panel, the PEMD at a relative phase 7/2 is shown.
The PEMD at both relative phases indicates that the streaking of the electrons
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Figure 3.9: Photoelectron momentum distributions of Ar induced by Two-color
Orthogonal polarized field at laser intensity ratio of 2 (Isp/Ipp =2), [top] at
relative phase 0, [bottom] at relative phase /2.
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due to the 0.24 PW/cm? shows very low variation in PEMD at both relative

phases. The ATT rings and internal substructures observed in the PTC are also

absent in OTC.

We now extend our study to the photoelectron yield analysis as a func-
tion of relative phase. Although at two relative phases, the variation in PEMD
is not much, both PEMDs look similar in Figure 3.9, it is expected that the total
photoelectron yield varies with relative phase due to ionization rate variation.
The photoelectron yield as a function of relative phase (delay between 800 nm
and 400 nm) is shown in figure 3.10. An oscillatory trend in yield is observed.
This trend is similar to the photoelectron yield induced by PTC fields. The
oscillation has a period of . This observation suggests that the relative phase
plays a role in two-color (OTC) induced ionization. Further, the OTC two-color
may also influence the photoelectron momentum distribution. To understand the
OTC-induced effect on photoelectron momentum distribution, an asymmetry pa-
rameter analysis is performed here, similar to PTC. The asymmetry parameter,
defined in equation [5.15], is used to obtain the asymmetry along p, and along
py. The asymmetry parameter as a function of p, is shown in top panel of figure
3.11 at relative phase 0 and at 7/2. In the bottom panel of the same figure,
the asymmetry along p, at relative phase 0 and at /2 is shown. Asymmetry in
both p, and p, has dominant variation in the low energy region (below 0.35 a.
u.). The asymmetry at the relative phase of 0 and at 7/2 along p, and p, are
the same. The observed variation in asymmetry along p, and along p, is due to

the OTC field, which modulates the photoelectron trajectories.

[B] Two-color laser field-induced photoionization

of Xenon

In this section, we will present the key findings on the two-color photoionization
of the Xenon atom. A study on two-color photoionization on Xenon is performed
using a Velocity Map Imaging spectrometer and a pump-probe type setup. The

experimental setup is the same as used in Argon (previous section). This study
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focuses on photoion yield as a function of relative phase, photoelectron momen-

tum distribution, and asymmetry due to the two-color field.

3.3.5 Phase dependent two-color photoionization Xenon:

PTC & OTC

The two-color photoionization Xenon with PTC and OTC laser field is performed
at the intensity of Iggg = 0.09 PW/cm? and Iio0 = 0.03 PW/cm?2. At this
intensity, the yield of doubly ionized Xenon in time-of-flight mass spectrum was
negligible. Thus phase dependence analysis is based on the yield of singly ionized
Xenon. The singly ionized Xenon (m/q = 128.6 amu) yield induced by PTC as a
function of relative phase is shown in the top panel of figure 3.12. An oscillation
in the yield is clearly seen in this plot. This result is similar to the Ar™ yield
and has the periodicity of 7.

To see the oscillation in yield of Xenon ion induced by two-color (OTC)
fields, we have performed a photoionization experiment with OTC, and the result
is displayed in the bottom panel of figure 3.12. We can see the yield trend, which
is sensitive to the relative phase. The Xe™ yield is oscillatory with a period
of w. It is interesting to see the oscillatory trend in the PTC is different (out
of phase/anti-correlated) than in the OTC case. This observation is directly
linked to the two-color ionization and the electron revisit-induced processes which

produce the Xe™ in OTC and PTC.

3.3.6 Two-color (PTC) induced Photoelectron Momen-

tum Distribution: Xenon

Photoelectron momentum distribution (PEMD) of Xe induced by a two-color
(PTC) field at 0.03 PW/cm? SH and 0.09 PW/cm? FW is shown in figure 3.13.
The PEMD at relative phase 0 is shown in the top panel of the figure, and at a
relative phase of 7/2 is displayed in the bottom panel. The ATI and sub-structure
(due to Freeman resonance) are visible in both PEMDs. At two different relative

phases, both PEMDs are appearing similar, and thus, further analysis is needed
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to confirm that the relative phase affects the ionization rate and photoelectron
yield. The total yield of photoelectrons is obtained by integrating the PEMD at
a fixed relative phase. The photoelectron yield as a function of relative phase
(delay between FW and SH) is represented in Figure 3.14. The red points are
experimental results and the blue line is from Savitzky—Golay filter fitting. The
photoelectron yield is oscillatory as a function of relative phase and it has a
period of 7, similar to Argon’s photoelectron yield. The observation supports
the phase dependence on the ionization rate.

Next, we investigate the two-color effect on the photoelectron momen-
tum distribution. The two-color PTC field may induce the asymmetry although
it is not clear from figure 3.13. Thus, we performed the asymmetry parameter
analysis. The asymmetry parameter is defined above in this chapter. The same
formula has been used here to obtain the asymmetry parameter as a function of
Pz OI Pg.

The asymmetry parameter at relative phases 0 and 7/2 along p, and
p, of PEMD is displayed in Figure 3.15. The asymmetry along p, has a high
variation, while the asymmetry along p, is almost uniform. The low energy
asymmetry within 0.3 a.u, along p,, is possibly due to the two-color effect and

the Coulomb effect on photoelectrons.

3.3.7 Two-color (OTC) induced Photoelectron Momen-

tum Distribution: Xenon

The photoelectron momentum distribution of Xe induced by two-color (OTC)
fields at 0.03 PW/cm? SH and 0.09 PW /cm? FW is shown in Figure 3.16. PEMD
in the presence of SH [Top, left] shows few ATT rings, while the PEMD with FW
[top, right] exhibits multiple ATI rings and also low-energy electron structures.
The polarization of SH for the PEMD is perpendicular to the detector, while
the polarization of FW is parallel to the detector. The intensity of 800 nm
is sufficiently high enough to contribute to (9+1) photon ionization of Xenon
[104]. In the two-color PEMD at phases 0 [bottom, left] and 7/2 [bottom, right],
the electrons streaked due to the low SH field affect not only the low-energy
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Figure 3.13: Photoelectron momentum distributions of Xe induced by Two-color
parallel polarized field at laser intensity ratio of 3 (Ipw /Isy =3), [top] at relative
phase 0, [bottom] at relative phase 7 /2. Polarization of both fields was in the
detector plane.
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structures but also the ATI distribution. The intensity of photoelectrons is high
at relative phase 7/2 compared to 0, but the structure appeared similar. We
now analyzed the photoelectron yield as a function of relative phase and also the
asymmetry due to the two-color field.

The photoelectron yield as a function of relative phase or delay is pre-
sented in Figure 3.17. The delay is of the order of attoseconds. The yield is
oscillating with a period of 7, similar to previous findings on Argon.

Now, we analyzed the asymmetry parameter to know the possible asym-
metry in photoelectron momentum distribution by OTC field.

The asymmetry parameter at a relative phase of 0 and 7 /2 as a function
of p, or p, are shown in Figure 3.16. Interestingly, the asymmetry along p, is
significantly modulated beyond 0.25 a.u. But the asymmetry along y is relatively
constant. At a relative phase of 0 and at 7/2, the asymmetry parameter variation
is similar. The observed asymmetry along p, or p, is due to a two-color (OTC)

induced effect on the photoelectron momentum distributions.

3.4 Summary and Conclusions

A study of two-color (PTC and OTC) laser fields induced photoionization of
atoms (Argon and Xenon) is performed. In Argon, we investigated the ionization
yield as a function of intensity and relative phase. We further investigated the
photoelectron momentum distribution at two different phases and the photoelec-
tron yield as a function of the relative phase. We observed that the photoelectron
yield is oscillatory in nature and has a period of . Further, a unique asymmetry
variation along p, and p, is observed. The observed results are due to two-color

fields and different than the single-color photoionization.
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Chapter 4

Single-color and two-color
induced strong-field ionization of

diatomic molecules: Ny and CO

This chapter presents the new results on strong-field ionization of homo- and
hetero-nuclear Ny and CO molecules using a two-color field. In this study, we
have measured the ions yield as a function of relative phase at a fixed intensity
ratio of Fundamental Wave (FW) and Second Harmonic (SH). Two-color fields
may influence the revisiting electron trajectories, and the molecular structural
effect like homo or hetero type of diatomic molecule may uniquely affect the
revisiting electron. Thus we can see these effects in photoelectron momentum
distribution. Further, the asymmetry in momentum distribution in Ny may differ
from the asymmetry in CO due to the molecular effect and the two-color induced
effect on trajectories. Detail study on these points is performed and reported in

this chapter.

4.1 Introduction

Coherent control using two-color laser pulses to manipulate the nuclear and elec-
tron dynamics during strong-field ionization may modify the dissociative ion

yield. This approach may also provide insights into the molecular structure, and
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the tunneling process [105, 106, 107, 108]. The use of two-color laser pulses to
shape the laser field has been described as an effective method for modulating
electron dynamics through the control of the phase and amplitude of the fields.
This technique has been shown to be successful in controlling electron-induced

processes [44].

The electric field of the two-color field is the sum of both color fields.
In the OTC two-color field case, the electric field is represented by E(t) =
Eo[fi(t)cos(wit)z + B fa(t)cos(wat + Ap)x], where [ is the relative electric field
strengths and ¢ is the relative phases between the two-color fields. The wy can
act as a control pulse or a probe with # < 1, while the ionization remained unaf-
fected [109]. If 8 is comparable to one, and the intensity of ws is high enough to
ionize, the interplay of the two fields modulates the ionization. The asymmet-
ric photoelectron momentum distribution in the presence of two-color fields is a
function of the amplitude and the relative phase against the symmetric nature
of the photoelectron momentum distribution in the presence of the single-color
field. The electron trajectories interferences of direct and indirect electrons are
perturbed by the presence of the second Harmonic field. The perturbation in
the intracycle fringes can be controlled by the relative phase of the two color
fields[105]. The tunneling process of the electron can be studied with orthogo-
nal [109, 110] and parallel [111, 112] two-color fields. Quantum control of the

molecular electron wavepackets by OTC streaking is reported here [88].

In this chapter, the study on two-color strong field ionization of homo-
and hetero-nuclear diatomic molecules Ny and CO is discussed. An ion yield
study of the molecules as a function of intensity and phase of the FW and SH
fields is studied in detail. The ionization and fragmentation of the molecules as a
function of the kinetic energy of the returning electrons are studied thoroughly.
The photoelectron momentum distribution and the asymmetry parameter anal-

ysis are performed for both CO and Ns.
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4.2 Two-color Experimental scheme

Two-color Strong field ionization of Ny and CO diatomic molecules are studied
with a VMI spectrometer and a two-color pump-probe type setup. The detail
of the VMI setup is discussed in the methodology chapter. Here we give the
details of the scheme used in experiments like the data acquisition parameters,
calibration, data analysis methodology, and simulation.

The experimental setup shown in Figure [4.1] consists of a laser system,
a unit for generating w + 2w, and a spectrometer for ion and electron detection.
The laser system used in this thesis was a Ti: Sapphire femtosecond laser, which
generates ultra-short pulses of light with a central wavelength of 800 nm and a
pulse duration of 26 fs. The laser had a maximum per pulse energy of 10 mJ
and a repetition rate of 1 kHz. In the experimental setup, the laser beam was
split into two paths. One path was used to pump an optical parametric amplifier
(OPA) in order to achieve tunability in the infrared region. The remaining
pulse was employed for a two-color photoionization experiment. The Carrier
Envelope Phase (CEP) of the amplifier was not locked in this study. In addition
to the laser system, the experimental setup included a module for generating
w — 2w in a pump-probe configuration. This unit allowed us to study the electron
dynamics in the molecule during strong-field ionization. A commercial pulse
characterization setup known as a spectral phase interferometer (SPIDER) was
used to continuously monitor the pulse width of the laser during the experiment.
The pulse characterization of PRL’s femtosecond laser has been reported recently

[73] and also discussed briefly in the methodology chapter.

4.2.1 Two-color femtosecond laser fields

Two-color setup is shown in Figure 4.1([c]). The laser beam, FW (800 nm),
is split using an 80:20 beam splitter. The 80% path is named as the probe,
which can be delayed with respect to the 20% pump using a precision motorized
linear stage. To control the laser power and polarization, a set of Half Wave
Plate (HWP) and Polarizer (P) is used in both paths. A 100 pum type-1 phase
matching [-barium borate (BBO) crystal was used in the probe path for 400
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Figure 4.1: [a] An experimental setup scheme, [b] the photoelectron VMI spec-
trum of Xenon at 800 nm and 400 nm wavelength, [¢c] Two-Color (OTC) and
Two-Color (PTC) laser pulses generation scheme, [d, e] pictorial sketch of OTC,
and PTC laser fields. HWP: Half Wave Plate, M: Mirror, BBO: -barium borate

crystal, HS: Harmonic Separator.
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delays between 0 and 37/2, [Bottom]| The yield of Ar?* as a function of the
relative phase at intensity ratio I, /I, = 1, where I, = Iy, = 0.45 PW/cm?.
The error bars are estimated from the observed counts.



Chapter 4. Single-color and two-color induced strong-field ionization of
84 diatomic molecules: Ny and CO

nm generation. The 400 nm generation efficiency is about 12%. A harmonic
separator (HS) is used for reflecting the 400 nm pulse and allowing the 800
nm pulse. After the HS, the 800 and 400 nm pulses are focused in the VMI
spectrometer. The overlap between the probe and pump outside the vacuum
chamber is achieved by the delay stage. This overlap is confirmed by measuring
the third harmonic (266 nm) using an optical handheld spectrometer. Further,
the overlap in the VMI chamber is confirmed by checking the TOF peak as a
function of delay. By adjusting the individual polarizer of the 800 and 400 nm
beams, the OTC and PTC laser fields are generated.

The VMI spectrometer is used to record the photoelectron distribution
and the time-of-flight spectrum of photoions at different laser parameters. In
VMI, the detector is a dual-stacked MCP with a phosphor screen (P47), and a
scientific CMOS camera (PCO.EDGE 5.5) has been used to record the images
from the phosphor screen. The MCP detector is maintained at a potential dif-
ference of 2000 V, and the phosphor-screen is maintained at 5250 V for bright
and sharp images. For the time-of-flight spectrum measurement, a signal from
the screen is taken through a homemade decoupler box and fed to the Roentdek
FAMP and CFD 8c which converted to NIM signals. The NIM signals through
lemo cables are sent to the TDC8HP (Roentdek) card, where they are read and
binned. The triggering of the TDC8HP card for TOF measurements was done
from the sync out of the femtosecond laser.

The gas chamber was maintained at 5 x 107! bar, and the Velocity
Map Imaging (VMI) vacuum chamber was maintained at a pressure of 4 x 1072
bar. During measurement, the pressure in the gas chamber was at 5 x 10~® bar,
and the VMI chamber was at about 2 x 1071Y bar.

The spot size and average power measurement were performed to esti-
mate the laser intensity. The beam’s spot size was 40 pum, which was measured
using the Gentec beam profiler.

The Parker valve was used to produce the supersonically cooled molec-
ular beams. The valve was operated at 250 Hz having an orifice of 1 mm diame-
ter. A skimmer of 1.01 mm orifice was installed in the zone of the silence of the

molecular beam. Using a trigger signal, a delay was applied to the pulse valve
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for overlapping the pulsed laser and molecular beams at the interaction region.

4.2.2 Data acquisition scheme

Data acquisition was performed with the TOF mode and the VMI mode of the
VMI spectrometer. The TOF spectrum measurement was performed at various
relative phases for OTC and PTC with the laser intensity ratio Igy/Irpw=0.5,
where Isg = 0.23 PW/cm? and Iry = 0.46 PW/cm?. At the same intensity, the

photoelectron spectra are also measured and later analyzed.

4.2.3 Data analysis scheme

The time-of-flight (TOF) calibration was carried out using the strong-field ion-
ization of Xenon. The ion yields of ionized Ny, CO, and their fragments were
obtained from the calibrated TOF spectrum by integrating the ion peaks. In the
mass spectra of nitrogen, the peaks at m/q = 14 , may represent either charged
molecular ions N3* or N*. However, the broad full width at half maximum
(FWHM) of these peaks suggests that they likely correspond to N*. Further,
the higher charged fragments from multiply ionized Ny are not observed in mass
spectrum

In the experiment, the relative phase between 800 and 400 nm was
achieved by using a pump-probe scheme. Time-of-flight measurements were
recorded as a function of pump-probe delay, with a step size of 20 nm + 1
nm (132 as £ 6.6 as) and a range of 2 um (13.2 fs). Additionally, a photoelec-
tron spectrum (VMI image) was recorded for 125000 shots/step as a function of
pump-probe delay, using the same step size. The relative phase is assigned to
the pump-probe delay.

Figure 4.2[left] shows the electric fields of the 800 nm and 400 nm and
the intensity of both (sum of both colors) fields.

I = (’Eo’goocOS(u@oot) + E0’400008(W400t + A(b) |>2 (41)

[onization by an intense laser field depends on the amplitude of the

laser electric field [113], [114]. Further, in the case of two-color fields, the net
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electric field is influenced by the relative phase of the FW and SH, peaking with
a period of 7. This period of m has been reported previously in the ionization
of Neon. The ionization yield of Ne** is reported to have oscillations having a
period of 7. Further, the yield is peaking at a relative phase of odd multiples of
7/2 [91]. This finding was also confirmed by tunneling theory [115].

To calibrate the relative phase, we performed the photoionization of
Argon by two-color fields and measured the TOF spectra as a function of delay
between FW and SH. The yield of Ar?T obtained by integrating the peak is
plotted as a function of delay. The oscillation in ion yield at a delay of about 1.32
fs has been observed. We have calibrated the delay of this observed oscillation
in terms of phase. The yield of Ar?T with the relative phase is shown in Figure

[4.2][right]. Similarly to this, we have calibrated for the ion yield of Ny and CO.

4.2.4 Semi-classical tunnel electrons trajectory simula-

tions: In two-color fields

We have simulated the tunnel electron trajectories in the two-color (OTC and
PTC) fields and obtained the electron kinetic energy. The detail of the simula-
tion scheme is discussed in the methodology chapter. Here, we briefly summarize
the key equations used in the simulation for Ny and CO. The femtosecond (ul-

trashort) pulse can be written as in the equation [4.2].

Eicia = Asin(w(n + 1)) cos? (kw(n + 1)) (4.2)

where A is the electric field amplitude. The w is the angular frequency
of the electric field, and the 7 represents the delay which can be introduced to
the pulse. The cos?(kwt) represents the pulse envelope. The electron trajectories
can be obtained by solving the equation of motion of an electron in a field [4.3].
In simulation, the Coulomb effect on the electron’s trajectories is not considered.

d?y

Mey = —eFticlq (4.3)

For two-color (orthogonally polarized, (OTC)) field, the equation [4.3]
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can be rewritten as:

d*x . d%y . , R
Me {ﬁx + d_tgy} = — [[eAsoo sin (wsoo(t -+ nso0)) cos” (ksoowsoo (t + Mso0)) | 2+

e Agoo sin (waoo(t + Maoo)) cos® (ksoowao0 (t + 1aoo))] ] (4.4)

The electron’s kinetic energy and the angle can be estimated by trac-
ing the velocity along both components back to the origin. The kinetic energy
of revisit electron Egrore for the two-color (OTC) field is obtained using the

equation [4.5], and the angle is defined as tan™'(y/1).

1
ER,OTC = Qme (.362 + y2) (45)

For two-color (parallel polarized, (PTC)) field, the equation [4.3] can

be written as:

d?y . .
me [d_tgy] = — [eAso0 sin (wsoo (¢ + 7s00)) cos” (ksoowsoo (¢ + 7s00)) +

e Aoo sin (waoo(t + 1a00)) cos” (kapowaoo (t + 1a00))] ¥ (4.6)

The kinetic energy of revisit electron, Er pre for the two-color (PTC)

field can be obtained using the equation [4.7].

1

Er prc = §meyg (4.7)

For trajectories simulations, we have computationally solved the equa-
tions [4.5] - [4.7] and obtained the kinetic energy and angle of revisiting electrons.
Here, for the boundary conditions, the position of the electron and the momenta
at ionization time (birth time) are assigned to be 0. The result of simulations

of the two-color-induced modulation on electron trajectories are discussed in the
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Results and Discussions section.

4.3 Results and Discussions

4.3.1 Two-color (PTC) fields induced ionization: inten-

sity dependence on ion yield

The yield of NJ and NT as a function of two-color (OTC) intensity ratio
(Irw /Isz) is shown in Figure 4.3. The intensity of SH (Isg) was 0.15 PW /cm?
which was fixed throughout experiment and the intensity of FW (Ipy/) varied
from 0.115 to 0.69. The yield of N3 is increasing in range of 0.8 to 1.5 of intensity
ratio, then decreasing till 2 and saturates beyond the 2.5 of intensity ratio. In-
terestingly, the yield of N is always more compared to Nj . It means that at the
used intensity (0.15 PW/cm?), the ionized Ny is in repulsive dissociate excited
states which dissociates and produces more NT ions. Further, as intensity ratio
is increasing, the yield of N* is increasing and peaking at around 2.5 of intensity
ratio. Beyond, 2.5, the NT ion yield is decreasing. This observation is unique
type and never reported earlier. The observation is possible to explain based on
the processes involved at this laser intensity. The SH intensity is in MPI and
FW intensity is in TI regime. Thus both ionization process are playing a role
in excitation/ionization and fragmentation of ionized Ny. Further, the tunnel
electron travel in two-color field and revisit to the parent ion and may contribute
in excitation/ionization.

The tunnel electron trajectory simulation for the electron trajectories
in two-color (OTC) field is performed, discussed in Chapter 2. The revisiting
KE is enough to further excite/ionized the No. Most likely, at the intensity ratio
of 2.5, the transfer of population from Nj to doubly ionized N, is more due to
electron revisit. This process is known as Non-sequential double ionization. As a
result, the depletion of NJ population is also expected which is clearly seen in the
trend of N yield. Beyond the 2.5 of ratio, the decreasing trend is possibly due
to the further ionization/excitation which alter the fragmentation and reduce the

production of NT.
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Figure 4.3: The yield of NJ and N7 ions with the ratio of FW to SH peak powers
for OTC induced photoionization of Ny. At the ratio 1, the peak powers of FW
and SH was maintained at 0.149 PW /cm?.

The yield of CO' and their singly and doubly charged fragments yield
with variable intensity ratio is shown in Figure [4.4]. The CO™ yield trend is
decreasing with increasing the intensity ratio. This trend is certainly different
than the yield trend of Nj. Such trend variation is linked to the electronic
structure of both molecules and revisiting electron induced processes. The O
yield is more compared to CT. Possibly, the 1 23>, 2257 of CO™T as well as
the X 3], >_" are populated which produces O ions more in the ratio range
of 0.8 to 4.0. Beyond this range, both the C* and O yield is constant /saturates
[116].

The doubly charged fragments (C?* and O?") yield with the intensity
ratio is displayed in the bottom panel of the figure [4.4]. Interestingly, the O>*
yield is more compared to the C?* yield. This trend is possibly due to recollision
induced process populated the excited states multiply ionized CO which produces
more O?" in the intensity range of 0.8 to 3.5. Beyond this ratio, the O*" yield
start decreasing. It is interesting to see the rising trend of C** beyond 3.0 of
intensity ratio, which indicates that the population in 1 [ ] and other states which

producing the C** ions are as a function of intensity ratio [117].



Chapter 4. Single-color and two-color induced strong-field ionization of
90 diatomic molecules: Ny and CO

04 4 oTC

0.3 5

lon Yield
[arb.units]
(=]
M
1

0.1 1
—=C
—a—0"
0.0 ——CO"
1 I 1 ]
1 2 3 4
.
0.20
0.15 5

0.10 4

lon Yield
[arb.units]

0.05

0.00

o/l
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The PTC induced photoionization of Ns is investigated to see the role
of intensity on the ionization and fragmentation trend. The intensity of SH (Isz)
was 0.15 PW/cm? which was fixed throughout experiment and the intensity of
FW (Ipw) varied from 0.115 to 0.69 PW/cm? The yield of Nj and N* ions
vs. the intensity ratio (Iry /Isy) is presented in Figure 4.5. The NT yield is
more about 5-times than the yield of NJ in the range of 0.8-3.0 of intensity ratio.
This high yield of N* suggest that that the used intensity is enough to populates
multiple dissociative states which produces NT ions. As intensity ratio increases,
the N* yield decreases and N3 increases. This is expected as intensity of FW is
decreasing and less dissociative states populates in ionized Nj.

Interestingly, the N* and N3 yield trend in the PTC is different com-
pared to the OTC. We have simulated the tunnel electron trajectories and ob-
tained the maximum KE of revisiting electrons at used intensity. We observed
that the KE is more in case of PTC compared to OTC and thus it is expected
that in PTC, the revisiting electron populates the dissociate states which produce
more NT. The observed trend is due to electron revisit induced processes.

The intensity dependence PTC induced photoionization of COs is in-
vestigated to see the role of intensity on the ionization and fragmentation trend.
Here also, the intensity of SH (Isz) was 0.15 PW/cm? which was fixed through-
out experiment and the intensity of FW (Ipy/) varied from 0.1 to 0.7 PW/cm?.

The singly ionized CO and its fragments (e. g. C* and OT) yields
with the intensity ratio (Ipy /Isy) is shown in Figure 4.6. The COTCT, O and
CT yield are more in 0.8 - 2.0 of intensity ratio. In this range, the OF yield is
highest and other charged species like CO™ and C* yield are comparable. This
observation is due to the competing process like metastable CO™ formation, the
formation of more dissociative states of CO™ by revisiting tunnel electron which
produces these charged species. As the FW intensity decreases (intensity ratio
increasing), the completing processes are not affected by the revisiting electron
due to its low energy, which is not enough to excite or ionize the CO*.

The doubly charged fragments yields (C** and O?") with the laser
intensity ratio is shown in the bottom panel of the figure 4.6. As expected, the

yield of these fragments is low in the range of 0.8 - 2.0 of intensity ratio where
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singly charged species (CO*, C* and O") yields are high (see top panel of the
same figure). This trend is due to less formation of doubly or triply ionized CO
which produces less doubly charged fragments. as intensity ratio increases, the
yield of singly charged species decreases and doubly charged species increasing
which means that the depletion of singly ionized states of CO and enhanced

multiply ionization of CO.

4.3.2 Two-color (OTC) fields induced ionization: phase

dependence on ion yield

The OTC induced photoionization of Ny is discussed here. The yield of Nj
and NT ions at various relative phases are displayed in Figure [4.7] [top]. With
peak intensities of Isy = 0.23PW/cm? and Ipy, = 0.46 PVW/cm?, this result was
achieved at a laser intensity ratio (Isy/Ipw) of 0.5. The oscillation has been
observed as a function of the relative phase in the NJ and N7 ions yields. The
period of oscillation is . A similar oscillation has also been reported previously
on Ny molecule [118]. Interestingly, the parent (NJ) and its fragment (N*) yields
are anti-correlated, meaning that when the ion yield of one is low, the ion yield
of the other is high. This ”anti-correlated” yield trend has been experimentally
checked and found to be reproducible.

The observed trend of inverse correlation between the yield of NJ ions
and Nt fragment ions in this study is likely the result of the fragmentation of
unstable N3, as described by equations [4.8, 4.9]. Previous research has shown
that in photoionization experiments with a constant number density of molecules
at the interaction region, the ion yields of a parent molecule and its fragments
tend to be inversely related [119]. This trend is also observed in the current
study. However, a different trend has been reported in other published research,
with the ion yield of N exhibiting an opposite relationship with the ion yields
of N3™ and N* at a laser intensity ratio of Isz /Irp=0.33 [118].

NS — Nt + N (4.8)

Nyt — Nt + Nt (4.9)
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Figure 4.7: [top] The two-color laser field (OTC) induced photoionization of
Ny. The yield of Nj and N* ions is plotted as a function of the relative phase
between the FW and SH. The intensity ratio in this experiment is Igy/Ipy =
0.5. [bottom]| The two-color laser field (OTC) induced ionization of CO. The
yield of CO™, C*, and O" ions is plotted as a function of the relative phase
between the FW and SH. The intensity ratio in this experiment is also Lgy /Irw
= 0.5.
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In this study, the modulation depth (amplitude of oscillation) of ion
yields was determined by fitting a Gaussian curve to a peak using Origin 7.0
software. The results showed that the modulation depth at an intensity ratio of
Isy/Ipw = 0.5 was about 7-times greater than the modulation depth reported
at an intensity ratio of Isy/Irw = 0.33 in a previous study [118]. This suggests
that the modulation depth of ion yields depends on the intensity ratio of the
fundamental wave (FW) and the second harmonic (SH).

The bottom left panel of Figure [4.7] shows the ion yields of fragments
CT and O% alongwith CO™ with the variation of relative phase, induced by
two-color laser field (OTC) at the same intensities of the fundamental wave
(FW) and second harmonic (SH) used in the study of N,. The C* and OT ions
can be formed through dissociation reactions of singly or doubly ionized CO,
as described in equations [4.10 - 4.14]. Like Ny, the ion yields of CO" and its
fragments oscillate with a period of .

The bottom left panel of Figure [4.7] shows the ion yields of CO* and
its singly charged fragments C* and O" as a function of relative phase, induced
by two-color laser field (OTC) at the same intensities of the fundamental wave
(FW) and second harmonic (SH) used in the study of Ny. The ion yield of
O* is lower (6%) compared to the C* yield, which can be attributed to the
dissociative energies of the pathways leading to their formation. The dissociation
energy of pathway (4.10) is about 22.369 eV, while the dissociation energy of
pathway (4.11) is about 24.727 eV [120]. The significant difference in dissociation
energy likely contributes to the higher fragmentation yield of C* over O". The
modulation depth of CO* and C* is about 5-7%, while the modulation depth of
O* is about 3 times higher than that of CO*.

Doubly charged fragments such as C** and O?* from doubly or multiply
ionized CO have been observed in the TOF-spectrum of CO. Interestingly, at the
same laser parameters, a doubly charged fragment like N?* is observed in the
case of Ny. This is likely due to the high Ionization potential of N o [IP: 15.58
eV] compared to CO [IP: 14.07 eV]. The doubly charged fragments yield of CO
is shown in [Figure [4.7](bottom, right)]. Oscillation in the yield of C?** and O**

with the relative phase is visible in this plot and has a period of w. The oscillation
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of C?* yield has modulation depth of about 3-5%, and the modulation depth of
O?* oscillation is 5-7 %. Interestingly the yield of O?** is lower compared to C?*.
This infers that the probability of O*" formation through equation [4.14] from
various excited states of CO?** and also from triply ionized CO is less compared to

the C* formation from through equation [4.13] and triply ionized CO molecules.

Figure [4.7] tell us that all ionic species are sensitive to relative phase,
which suggest that the two-color field can be used to control the yield of disso-

clative reactions.

CO™ =C"+0 (4.10)

cCO™ = C+07 (4.11)
CO*™ = Ct+ 07 (4.12)
CO**™ = C* +0 (4.13)
CO*™ — C + O*" (4.14)
CO*™ — C*" + O (4.15)
CO**™ — Ct + 0*F (4.16)

9 k9

In these equations, the on ions represents the unstable ions.

Now, we study the two-color (PTC) field-induced ionization Ny and CO.
The ions yield vs. the relative phase at intensity ratio of Isg /Ipy = 0.5 is shown
in the figure [4.8]. As the FW electric field and SH electric field are in the same
plane in the PTC but not in OTC, the resulting field along their polarization
is stronger than in OTC. Interestingly, the COT and Nj yield trend oscillation
have a period of 7. NJ has a modulation depth that is over 1.5 times greater
than NT. As in the case of OTC, the parent and its fragment yield continue to
exhibit an anti-correlation pattern. In Figure [4.8] [top] at 1.1 7, a point from
the oscillation trend deviates, which is possibly due to an experimental artifact.
This is based on the fact that a similar deviation was not observed in other

oscillations beyond 27 of relative phase (not shown here).
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Figure 4.8: Two-color photoionization of Ny and CO with parallel polarization
and Isy/Ipw=0.5. Both FW and SH polarizations are kept parallel to the de-
tector plane.[left] Normalized N3 ion yield as a function of the relative phase
between SH and FW, [right] Normalized CO™ ion yield as a function of the rel-
ative phase between SH and FW in units of degrees.

Figure [4.8](bottom, left)[121] displays the ions CO*, C*, and O* yield
with the relative phase. Unexpectedly, an unique trend in the C* ion yield in
the relative phase from -0.57 to 0 has been found. This trend deviates from the
O trend in the specified range, is possibly due to the low contrast in ion yield.
It is interesting to note that the C* and O™’s ion yields are anti-correlated with
CO™. The estimated modulation depth for CO* is about 60% . The modulation
depth for fragments ions such as C* and O are about 20-30 %.

The C?>T, and O?* yield trend is shown in Figure [4.8](bottom, right).
An oscillation with period of 7 is observed in the yield of C**, and O%**. Further,

the O%* yield is lower compared to the C?*, which is possible when the formation
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probability of O%* from various channels is low compared to the formation of C?*.
The modulation depth of C?T is 1.4 times more than that of O%**.

Oscillations in NJ and N7 yield are constant over the relative phase
range. On other hand, the yield of CO™ is decreasing and the C*™ and O yields
are increasing. This trend of CO is possibly due to the two-color field effect
on the ionization. Recent theoretical CO calculations conclude that the HOMO
orbital is principally responsible for the two-color ionization [122]. The orbitals’
contributions at the applied intensities may be the cause of the observed trend
in CO. The SH intensity is 0.23 PW/em?2. The Keldysh value + at this intensity
is 1.43. Thus, the SH is in the multiphoton ionization (MPI) regime. The FW
intensity is 0.46 PW/cm? which is in the tunneling region (y = 0.51). Thus, in
two-color ionization, both fields contribute differently to the ionization of CO,
and relative phase or intensity affects the fragmentation and the yield trend of
CO™, C*, and OT ions.

In this study, it was found that the ion yields of NJ in OTC and PTC are
similar, with comparable modulation depths. However, the CO™ yield in PTC
was observed to be at least three times higher than in OTC, which suggests that
the electric field may influence the recollision of electrons in the same plane,
leading to an increased degree of ionization. Additionally, the yields of C* and
O™ ions in OTC were found to be correlated with CO™, but this trend was not
observed in the case of PTC. Also, the sensitivity of ion yields to the relative
phase of the two-color field and the potential impact on photoelectron trajectories
produced during ionization.

The results of the simulations on the revisiting electron kinetic energy
in the two-color field are shown in the figure 4.9. In the case of a single-color
(FW) field, the electron kinetic energy is about 83 eV (not including the binding
energy of CO or N»). In the two-color field, the revisiting electron kinetic energy
increases by about 50-65% in the case of a parallel two-color field (PTC) and
8-15% for the perpendicular two-color field (OTC). This increased revisiting elec-
tron energy can lead to further ionization of the parent ion through nonsequen-
tial double ionization (NSDI) or recollision-excitation-with-subsequent-ionization

(RESI). These processes enhance double/multiple ionization and deplete the sin-
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gle ionization rate of molecules, potentially affecting the fragmentation yield
as the population of repulsive dissociative states is impacted by the revisiting
electron-induced processes. The observed anti-correlation trend in Ny with OTC
(Figure 4.7, left) and in CO and Ny with PTC (Figure 4.8) is likely due to
the enhancement of double/multiple ionization followed by fragmentation and
the depletion of single ionization yield. The low electron energy in the OTC
case may not be sufficient to enhance double/multiple ionization and deplete
the single ionization rate. It is worth noting that the available multiple curve
crossings [123] in the potential energy curve of CO™ and CO?T may impact the
population in repulsive dissociative states, potentially leading to the observed
correlation trend in CO with OTC. In PTC, the electron energy is high enough
to overcome the effect of curve crossings, leading to different yields in OTC and
PTC as a function of relative phases. The simulated results in Figure 4.9 suggest
that the probability of revisiting-induced ionization is higher at a relative phase
of /2 compared to a relative phase of 0, supporting the observed yield trend.
In the case of OTC, simulation results show that fewer trajectories revisit at a
relative phase of 0 compared to 7/2, which is reflected in the observed ion yield.

The next section discusses the two-color field’s effects on the photoelec-

tron momentum distribution of Ny and CO.

4.3.3 Two-color induced ionization: Photoelectron mo-

mentum distributions

The photoelectron momentum distributions (PEMDs) of Ny and CO induced by
OTC at a laser intensity ratio (Isy/Irw = 0.5) with peak intensities of lgy =
0.23 PW/cm? and Iry = 0.46 PW/cm? are shown in Figure [4.10]. The PEMD
at a relative phase of 0 is shown in the top left panel, while the PEMD at a
relative phase of 7/2 is shown in the bottom left panel. Similarly, the PEMDs
at relative phases of 0 and 7/2 for CO are shown in the top right and bottom
right panels, respectively. At a relative phase of A¢ = 0, the Ny molecule has
a lower ionization probability as the electric field directions of the FW and SH

are in opposite directions, resulting in destructive interference of the streaking
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Figure 4.9: Classical electron trajectories simulation in the OTC and PTC field.

[top] Revisiting electron kinetic energy as a function of birth time for PTC,

[bottom| Revisiting electron kinetic energy as a function of birth time for OTC.

Color/curve and relative phase in OTC or PTC are self-explained.
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electron. However, at a relative phase of 7/2, the electric fields are in the same
direction, facilitating the interference of the electron and increasing the ionization
probability [88]. The interference of electrons also depends on the alignment
of the molecule and the contribution of molecular orbitals to ionization [124].
The electron momentum distributions induced by a two-color field can also be

influenced by homo- and hetero-nuclear diatomic molecules, such as Ny and CO

[125], [126].
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Figure 4.10: Two-color (OTC) induced photoelectron momentum distributions of
CO and Ny at Igy/Ipw =0.5, [top] PEMD at relative phase 0, [bottom] PEMD
at relative phase /2. In PEMD, visible dark spots are due to defects in the
detector, should be ignored. The red arrow is parallel to the detector plane, and
the blue circle is perpendicular to the detector plane.

The measured PEMD at the relative phase (A¢) of 0 or 7/2 appears
identical in Ny or CO, indicating that the two-color field influence on PEMD
is not significant at the used intensity ratio. On the other hand, a definite

distinction between the PEMD of Ny and the PEMD of CO has been noted.
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This variation in PEMD may be caused by molecule orbital contributions, site-
specific electron emissions and their trajectory variation in a two-color field,
as well as molecular alignments [124], [127]. Furthermore, as demonstrated in
a prior study using the two-color approach [44], the Coulomb potential might

influence electron trajectories.

Our simulation shows that the two-color field influences the electron re-
visit trajectories, which could lead to an asymmetry in the distribution of photo-
electron momentum. Recently, the asymmetry in doubly differential momentum
distributions for atoms (such as Argon) has been investigated theoretically and
experimentally [128], while for Hy molecules, the asymmetry in photoelectron
distribution is obtained using conventional trajectories, and TDSE simulations
[129]. Here, we have examined the asymmetry parameter, which is defined in
equation [4.17], to gain a knowledge of the impacts of two-color fields on the
PEMD. Two-color induced asymmetry along p, evaluated at p, = 0, and vice
versa for asymmetry along p,. The asymmetry is determined by selecting one
pixel along the x-axis to the right of the center with intensity Iy and a matching
equidistant pixel to the left with intensity Iy-.

Ix — Ix

Asymmetry(p,) = T i To (4.17)

Figure [4.11] shows the OTC induced asymmetries in p, and p, at the
relative phase 0 and 7/2 in Ny and CO. The detection efficiency correction as a
function of the position is not performed in present study. The same detector
parameters are used for the measured PEMDs for OTC/PTC. The measured
asymmetry parameter in p, and p, exhibits the same pattern at 0 and 7/2. We
noticed that there is not much change in the asymmetry parameter between 0
and 7/2. our observed finding is consistent with previously published research
[130] work. The asymmetry parameter’s modulation along p, and p, differs and

is dependent on the nature of the molecule.

In Figure [4.11], the asymmetry of the electron momentum distributions
in the Ny molecule when exposed to OTC laser fields is shown. The top left panel

shows the asymmetry along the p, axis, which varies from 107 to 0.09, and the
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Figure 4.11: OTC field induced asymmetry in p, and p, at Lsy/Ipw =0.5, at a
relative phase of 0 and 7/2. The statistical error (maximum) in the asymmetry
is about 0.6%, estimated from counts/pixel. The counts/pixel are about 10°.

bottom left panel shows the asymmetry along the p, axis, which varies from
10 to 0.24. The modulation of the asymmetry parameter is most pronounced
at around 0.7 atomic units (a. u.) for both relative phases. The modulation is
noticeable up to p, or p, values of less than 1 a. u., but becomes less significant
beyond this value. In CO, the asymmetry along the p, axis (top right panel)
varies from 107° to 0.14, and the asymmetry along the p, axis (bottom right
panel) varies from 1073 to 0.21. The modulation of the asymmetry parameter
peaks at around 0.7 a. u. for both relative phases. Interestingly, the asymmetry
for both p, and p, in CO peaks at around 0.5 a. u., a behaviour not observed in
N,. However, similar to Ny, the fluctuation in the p, axis is more significant than
in the p, axis. The observed variation in the asymmetry parameter may be due
to the Coulomb effect, the modulation of electron trajectories by the two-color
field, and the contribution of molecular orbitals.

The PEMD of Ny and CO induced by PTC at a laser intensity ratio
of Isy/Ipw = 0.5 are shown in Figure 4.12, with the relative phase set to 0
[B] and 7/2 [A]. The PEMD of Ny appears to be distinct from that of CO,
which can be attributed to the differences in the ionization processes, molecular
orbital contributions, and modulation of photoelectron trajectories. At the same

intensity ratio, the lobes in the PEMD of CO are more pronounced than those
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Figure 4.12: Photoelectron momentum distributions of CO and Ny induced by
PTC at laser intensity ratio of 0.5 (Isy/Ipw = 0.5), [top] at relative phase 0 deg,
[bottom]| at relative phase /2. Visible dark spots in the image are due to defects
in the detector and should be ignored. Both blue and red arrows are parallel to
the detector plane.
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Figure 4.13: Asymmetry in p, and p, induced by PTC field at sy /Ipw =0.5,
at relative phase of 0 and 7/2. The maximum statistical error in the asymmetry
is about 0.8% estimated from counts/pixel. The counts/pixel are about 10°.

in the PEMD of Ny. Additionally, the momentum spread along the p, axis is
higher in CO compared to Ns.

The parallel two-color electric field at a relative phase of /2 results
in electrons being released in the same direction as the electric field from both
the 800 nm and 400 nm wavelengths. Previous research has shown that the
modulation of the two-color field on low energy (non-scattering) and high energy
(rescattering) electrons can differ based on the angle of emission relative to the
polarization [131]. In this study, the random orientation of Ny and CO molecules
makes it difficult to distinguish the individual effects of the electric field, Coulomb
effect, and electron emission relative to polarization on the modulation of electron
trajectories. However, the resulting asymmetry in the momentum distribution
can still be observed.

Figure [4.13] illustrates the asymmetry in p, and p, induced by the PTC
field in Ny and CO at relative phase 0 and 7/2. In both molecules, the variation
in the asymmetry at the relative phases of 0 and 7/2 is much. Modulations in
asymmetry along p, and p, are clearly visible in both Ny and CO. The observed
trend in the asymmetry of both molecules is possibly due to the two-color induced
modulation on the tunneling electron revisiting trajectories.

From Figure [4.13], we can estimate the asymmetry value. The asym-
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Figure 4.14: Classical-electron trajectory simulation in the OTC field. The black
curve represents the electron revisit angle at the relative phase of 0, and the blue
curve is at the relative phase of 7/2.

metry of Ny along p, [top, left] varies from 107° to 0.09, whereas that along p,
[bottom, left] varies from 1072 to 0.17. For both phases, this asymmetry peak
is at about 0.7 a.u. For p,, the modulation is significant, whereas for p,, it is
nonexistent. For CO, the p, and p, varies from 10~ to 0.14 and 0.21, respec-
tively. For both OTC and PTC, the asymmetry peak is at 0.7 a.u. Interestingly,
the peak at 0.5 a.u. was considerable in OTC but nearly completely suppressed
in PTC’s p,. Additionally, the peak for OTC at about 0.7 a.u. appears to be
similar to PTC. Finally, we compare the OTC and PTC influence on the PEMD
and the asymmetry modulation of Ny and CO. As expected, the OTC and PTC
influence the PEMD of both molecules uniquely. The modulation in the asym-
metry parameter induced by OTC and PTC is noticeable for the low energy

electrons (p,, p, < 1).

The electrons released during the parallel two-color electric field phase
of /2 are influenced by both the 800 nm and 400 nm electric fields in the
same direction. Previous research has shown that the modulation of the two-
color field on low-energy electrons (non-scattering trajectories) is different from

that on high-energy electrons (rescattering trajectories) based on the emission
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angle of the electrons relative to the polarization [131]. In the current study, the
orientation of Ny and CO is random, making it difficult to distinguish the specific
effects of the electron ejection relative to the polarization and the modulation of
their trajectories by the field and Coulomb effect on the asymmetry parameter.
However, the asymmetry in the PEMD induced by OTC can be challenging to
interpret due to the complex 3D pattern of the resulting field. In an effort to
understand the asymmetry in this case, we have analyzed the electron trajectories
simulated in the OTC field. The revisiting angle of the electron in the case of
OTC as a function of birth time is shown in Figure [4.14]. The birth times of
the electrons at the relative phase of 0 range from approximately 0.7 fs to 1.35
fs, while the returning angle ranges from 0 to 90°. Similarly, the birth times
at the relative phase of 7/2 have a range of 0.7 to 1.16 fs, while the revisiting
angle is from 0 to 45°. From Figure [4.14] and Figure [4.10], it can be seen that
the spread in revisiting angle is less (< 1°) for high energy electrons (beyond 90
eV) compared to low energy electrons (below 45 eV). Therefore, the observed
variation in asymmetry in low energy electron momentum may be due to the
modulation of revisiting angle in the two-color field. The simulation presented

here is at the elementary level and does not consider the contribution of molecular

orbitals to the PEMD or the Coulomb effect.

4.4 Conclusions

The present study investigates the strong-field ionization of Ny and CO using two-
color laser fields with orthogonal (OTC) and parallel (PTC) polarizations. The
phase-dependent ion yield and fragmentation of these molecules were evaluated
under both OTC and PTC conditions. It was found that the ion yield oscillates
with a period of 7 for both CO and N,. The fragment ion yield was found to
have an anti-correlated trend with the parent ions in the case of OTC in N», but
not in CO. In contrast, the CO™ ion yield was found to be anti-correlated with
its charged fragments in the case of PTC and was found to be three times higher
than the OTC case. On the other hand, the anti-correlated oscillatory trend
in the NJ yield with fragment Nt was found to be similar in both OTC and
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PTC. The results of this study suggest that the ion yield is highly sensitive to
the relative phase of the two-color field, and that the two-color field can be used
to modulate electron trajectories and control the fragment ion yield of ionized
molecules. Additionally, the photoelectron momentum distributions of CO and
N, induced by OTC and PTC at relative phases of 0 and 7/2 were studied. It
was found that the PEMD of N, is different from the PEMD of CO induced
by the two-color fields and that this difference is likely due to molecular orbital
contributions and the modulation of electron trajectories in the two-color field.
The asymmetry parameter was also computed and analyzed for p, and p, at
the relative phases of 0 and 7/2. Variation in the asymmetry parameter was
observed for both molecules under both OTC and PTC conditions, and classical
electron trajectory simulations suggest that electron revisiting-induced processes
in the two-color fields may influence the ion yield trend and the asymmetry in

the photoelectrons.






Chapter 5

Strong-field ionization of CO»

The strong-field ionization of CO, using single-color and two-color laser fields
is discussed in this chapter. In the case of single-color-induced photoionization,
the intensity, wavelength, and pulse duration dependence on the yield on charged
fragments are investigated in detail. Further, the Non-sequential double ioniza-
tion (NSDI) is investigated, and found a knee structure in CO3"/COJ yield ratio
and also in fragments. This observation is attributed to the revisiting tunnel
electron induce processes in ionized CO,. To investigate how revisiting electrons
affect the fragmentation yield, we have performed two-color induced photoioniza-
tion of CO,. We have measured the ions yield as a function of relative phase at
a fixed intensity ratio of Fundamental Wave (FW) and Second Harmonic (SH).
Two-color fields modulate the revisiting electron trajectories, and the signature is
seen in the fragments yield. Further, the asymmetry in momentum distribution
is obtained to understand the two-color induced modulation of tunnel electron

trajectories.

5.1 Introduction

The energy transfer to the bound electrons of atoms or molecules by the inter-
action of charged particles or photons initiates excitation or ionization. Such
an excitation or ionization is the first step for any molecular dissociative reac-
tions. The excitation or ionization of molecules induced by an intense laser field

has been a research topic for over a few decades [132, 133, 134]. The ioniza-
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tion of atoms or molecules is possible by the absorption of many photons. This
process is called multiphoton ionization. The intense laser field can distort the
Coulomb potential and subsequently ionize the molecule through tunneling. The
multiphoton and tunneling ionization can be distinguished based on the Keldysh
parameter defined as v = 1,/2U,, where I, is the ionization potential, and U,
is the quiver energy of the free electron in the laser field. If v > 1, then the
multiphoton ionization (MPI) dominates, while for v < 1, the tunneling ioniza-
tion dominates. In the study of strong-field ionization of atoms and molecules,
many new processes, such as Above threshold ionization [135], Sequential and
Non-sequential double ionization [136, 137, 138, 139], and High Harmonic Gen-
eration [140, 141, 142], were discovered. These processes are directly linked with
the absorption of excess photons by the bound electrons or the energy gained by
the tunneling electron in the presence of a laser field and revisiting the parent
ions. It was observed that electronic structures play a crucial role in revisiting

electron-induced double ionization processes [143, 144, 145].

Non-sequential double ionization (NSDI) has continued to attract the
attention of many physicists due to its manifestation of dynamical electron-
electron correlation in ionization [139]. In early experiments [98, 146, 147, 148]
on the strong-field ionization of noble-gas atoms, a characteristic knee struc-
ture was observed in the doubly by singly ion yield ratio as a function of the
laser intensity. This knee structure has been interpreted as the enhancement of
double ionization probabilities. Nowadays, it has been accepted that the inelas-
tic recollision process is responsible for NSDI. Electron recollision processes in
molecules may be complex to disentangle due to the presence of other atoms, ad-
ditional degrees of freedom, molecular structure, and higher density of electronic
states. Previously, many attempts have been made to understand the recollision
induced-processes in small molecules, such as Ny, CO,, CoHs, and C3Hy and the
signature of NSDI has been reported [149, 150, 151, 152]. Recently, the energy
transfer in a recollision process in OCS has been studied, and its dependence on
the impact parameter has been reported [153]. The multichannel contributions in
the NSDI of CO, are also reported [154]. Further, the rescattering-induced disso-
ciative and nondissociative double ionization from HOMO and HOMO-1 of COs
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has been studied using a reaction microscope [155]. The recollision-induced pro-
cesses and their effect on the fragment yield are only explored a little. However,
it is expected that the revisiting electron not only further ionizes the parent ion
but also excites or alters the populations of multiple dissociative states. Thus,
fragment yield may also be affected by the recollision processes. Further, the
modulation of revisiting electron trajectories by a two-color field may also affect
the fragmentation yield.

In the first part of this chapter, we report our new findings on the
strong-field ionization of CO, induced by femtosecond pulses. We examined the
knee structure in CO3"/COJ as well as in the C*, OF, and CO* yields.

The second part of this chapter is focused on the two-color photoioniza-
tion of CO,. The two polarization schemes, viz., Orthogonal Two-Color (OTC)
and Parallel Two-Color (PTC), have been used here. Further, the two-color
intensity ratio dependence on fragmentation and the relative phase of the frag-
ment yield are investigated in detail. Finally, the classical electron trajectories
simulation is performed in Mathematica software to explain the experimentally

observed results.

5.2 Experimental scheme

Detail of the laser, spectrometer and experimental scheme is discussed in Chapter
2: Methodology. Here, we briefly described the experimental parameters used in

the strong-field ionization of COs.

5.2.1 Single-color photoionization experiment

The strong field photo-ionization of the COs molecule has been studied using
femtosecond laser pulses in combination with a home-built multi-plate Velocity
Map Imaging (VMI) Spectrometer. A gas mixture consisting of 20% CO, and
80% Helium gas (buffer) to provide high pressure of about 2 bars is used through
the pulsing valve (Parker) with an opening of 1000 microns. The laser pulse

(29fs, 1kHz, 800 nm) interacts with COy molecules in the interaction region of
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the VMI spectrometer. For ion yield measurements, the VMI was operated in
Time-of-flight (TOF) mode. The TOF spectrum at given laser intensity was
recorded and analyzed. In this study, the laser intensity varies from 0.10 to 0.30
PW/cm?.

During the experiments, the pulse duration of femtosecond laser pulses
was monitored using the SPIDER unit. Detail of pulse characterization of PRL’s
femtosecond laser is available in previous publication [93], [94].

In addition to the laser intensity dependence on fragmentation, the
wavelength and pulse duration dependence on ion yield is also performed. For
the wavelength dependence study, TOF measurements at two wavelengths (800
nm and 400 nm) with the same laser intensity were performed.

For pulse duration dependence, the pulse width is increased by adding
SF'11 glass plates of different thicknesses. The stretched pulse shape and width
are characterized using the SPIDER system, and results are reported in these
[93][94] publications. The spatial beam profile (beam width ~ 13 mm) and focus-
spot (44 pm) size are determined using the beam profiler system (Gentec-EO,
USA).

5.2.2 Two-color photoionization experiment

Two-color photoionization of COy was performed using a pump-probe type setup
combined with the Velocity Map Imaging spectrometer. The Two-color pump-
probe setup and VMI setup are discussed in chapter 2. Here we are describing

the parameters in detail.

e Two-color Intensity dependence on ion yield: For this study, we

fixed the SH power and varied the FW power.

e Two-color relative phase dependence on ion yield: The relative
phase was achieved using a precision motorized stage (Newport’s XPS).
The TOF spectrum as a function of delay (relative phase) was recorded

and analyzed.
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e Polarization combinations: like OTC or PTC were obtained using a

Half wave plate and polarizer.

e Photoelectron momentum distribution (PEMD): The two-color may
modulate the tunnel electron trajectories and also introduce the asymme-
try in photoelectron angular distribution. We recorded the PEMD as a
function of relative phase and intensity and analyzed it to understand the

two-color effect on photoelectrons.

Finally, to understand the observed results, we have performed the
semi-classical tunnel electron trajectory simulation using equations [5.1, 5.2]
and obtained the max kinetic energy of revisiting electrons as a function of
birth/ionization time.

2y

e g2

= —eﬁo sin (wt) cos® (kwt) (5.1)

—
Y

eﬁo (cos(wt) (—4k* + cos(2kwt) 4+ 1) + 2k sin(wt) sin(2kwt)) t
2 (4k? — 1) wm,

dy

dt

0 Lhirth

(5.2)
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Yt) = 2 (@ — )2 [— sin(tw) ((4kz + 1) cos(2ktw) + (1 — 4k?) )

+2 (8k* — 6k + 1) tw + 4k cos(tw) sin(2ktw)]

(5.3)

5.3 Results

[A] Single-color photoionization of CO,

5.3.1 Intensity dependent single-color photoionization of

CO,

The ion yield ratio (CO3"/COJ) as a function of laser intensity is shown in Fig-
ure 5.1. The laser intensity is varied from 0.1 PW/cm? to 0.3 PW/cm?. The

saturation of the ion yield ratio appears beyond 0.2 PW /cm? of laser intensity.
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Below the saturation, it is interesting to see the "knee” structure at about 0.15
PW/cm?. This knee structure is a characteristic of nonsequential double ion-
ization (NSDI). The knee structure around the same laser intensity was found

previously in CO4 [156, 157].

The observed knee structure is possibly due to recollision-induced en-
hanced double ionization. Depending on laser intensity, the revisiting electrons
carry different kinetic energy, which can excite or even further ionize the parent
ion. In the present case, the tunneling ionization from the HOMO and HOMO-1
releases an electron, which travels in the field and gains energy from the field.

While revisiting, it interacts with the bound electron of HOMO or HOMO-1 and
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Figure 5.1: Ion yield ratio (CO3"/COJ) as a function of laser intensities for
linearly polarized light. The intensity-dependent experiments were carried out
using 800 nm, 29 fs laser pulses.
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excites the COJ to a pre-dissociative state (C 2 Z;r) or further ionizes to CO3™".

To understand the revisiting kinetic energy of electrons as a function of
birth time (ionization time) and the laser intensity, a classical electron trajecto-
ries simulation was performed using equations [5.1 & 5.3|, and results are plotted
in Figure 5.2. The top panel of the figure shows that the maximum kinetic energy
of the revisiting electron is about 26 eV at 0.14 PW /cm? of the laser intensity
(at the knee structure). A similar plot is obtained at other laser intensities, and
maximum kinetic energy as a function of laser intensity is shown in the bottom
panel of the figure. Simulation reveals that the revisiting energy range is from
8 eV to 60 eV without considering the ionization potential of COy (13.8 V).
The revisiting electron kinetic energy is adequate to excite/ionize the COJ. The
observed knee structure can be understood from the revisiting electron-induced
formation of CO3". The metastable band of CO3" is lying in 25.0 to 27.5 eV from
the ground state of COJ. Possibly, the revisiting electron populates the bound
state of CO3* (*Y, 'A,) and metastable CO3" through multiple pathways
[154]. The efficient double ionization depletes the singly-charged-ion population,

which leads to a knee structure in the observed laser intensity range.

Laser-induced strong-field ionization (MPI & Tunneling ionization) and
revisiting electron-induced excitation/ionization can also populate multiple re-
pulsive excited states of COJ and CO3". The multiple dissociative states open
up numerous fragmentation pathways. The observed yield of the C*, O*, CO™,
C%*+, and O?* ions are of different pathways of the singly or doubly ionized CO,
[158], [159], [160], [161], [162].
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Fragment ion yield of C*, O", and CO™ as a function of laser intensity

is shown in the top panel of Figure 5.3. Interestingly, a knee structure is seen in

these charged fragments yield. Such knee structure in fragment yield of CO, has

never been reported before and indicates that the revisiting electron influences

the fragmentation. The dissociative or pre-dissociative channels of COJ and

CO32" can contribute to the yield of C*, OF and COT. The O% yield is the

highest, and the C* yield is the lowest at all laser intensities. Interestingly, all

C*, O, and CO™ yields follow a similar trend as a function of laser intensity.
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The higher yield of OT is possible due to its efficient formation via channels
([5.6] & [5.9]) and also through other channels [163] from repulsive states of
COZ", which can be accessed by the revisiting electron. The CO* [X2 37 A2 ]|
formation is possible from the pre-dissociative state of CO3[C? Y7 ] (channel
5.7), and also from CO3*[X?[],] through channel [5.9]. The formation of C* is
possible from the pre-dissociative and dissociative channels of CO3 channels [5.8]
& dissociative state of CO3" channel [5.10]. The observed relative yield (O* >
CO* > C7) is consistent with previous report [163]. The knee structure in the
yield of singly charged fragments is possibly due to the enhanced metastable
CO3" and inhibiting the dissociative state CO3™ [X* ] ] formation, which does
not produce singly charged fragments. Further, the depletion of the dissociative
singly-charged-ion population of COJ contributes to the knee structure.

The C**, and O%*" ion yield as a function of laser intensity is shown in
the [b] of the top panel of Figure 5.3. The CO?* ion is not observed in time-of-
flight spectra (not shown here). Possibly, CO*™ [X3 ], ? 37| states are repulsive
in nature which dissociates into C* and O" ions [160, 164, 165]. Further, the
formation of CO%** from the CO3" is unlikely due to the high energy barrier
(48.71 €V) and, thus, not found also in the previous study on COs induced by
Ar?* impact [166]. A knee structure is also observed in the yield of C** and
O?* ions. This knee structure is possibly due to the revisiting electron effect
on the fragmentation of CO3". Further, the observed C?*, and O** ion yield
trend is unique in the sense that the O?T yield is more compared to C?** in
the intensity range of 0.10 to 0.18 PW/cm? and beyond the 0.18 PW/cm?; the
C?* is more, and both C?* and O?" have an increasing trend as a function of
laser intensity. This kind of trend in the doubly charged fragments yield is never
reported before and suggests that the revisiting electrons play a paramount role
in the dissociation dynamic of CO3".

The higher O?*" yield from C?>T at low laser intensity is possible to
explain from channel [5.12], which can be accessed by the low energy revisiting
electrons 8 - 30 eV (without considering the L.P. of CO3). The O3% bound states
(formed from a channel [5.12]) are virtually non-existent and majorly (70%)

dissociate into O?* [167]. On the other hand, the channel [5.13] is less likely to
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be populated by low-energy electrons. This explains the observed higher O%**
yield compared to C** in the range 0.10 - 0.18 PW/cm? of laser intensity. It
is possible that the formation of C?* (channel [5.13]) at high laser intensities
is more efficient than the O*" from the combined yield from channels [5.12] &
[5.14].

The O* formation via the channel [5.14] requires about 54.213 eV,
which is higher compared to the C** formation via the channel [5.13], requiring
about 51.198 ¢V [163]. Thus the revisiting electron (30 - 60 eV, without consid-
ering the I.P. of COJ), in the laser intensity range of 0.17 - 0.27 PW /cm? favors
channel [5.13] over channel [5.14], which supports the observed ion yield trend.

5.3.2 Wavelength dependent photoionization of CO,

The wavelength-dependent strong-field ionization and fragmentation of COs
molecule are examined using 400 nm (~ 3.1 eV) and 800 nm (~ 1.55 eV)
femtosecond pulses. The 800 nm laser intensity used in this study was 0.15
PW /ecm™2, which is in the knee structure region. The intensity for 400 nm wave-
length light was the same as 800 nm. The polarization (linear polarization) and
the pulse duration (29 fs) of the FW and SH laser pulses were kept constant
during the measurement.

The measured fragments yield is displayed in the figure [5.4]. The ion-
ization by 400 nm photons is in the multi-photon ionization regime (v >> 1),
while ionization by 800 nm laser pulse is in the tunneling regime (7 << 1),
and thus the recollision-induced excitation /ionization of COj is expected. Thus,
at 800 nm wavelength, the fragments yield is expected to be more compared
to 400 nm wavelength. The yield of COJ and COZ" is slightly higher at 800
nm compared to 400 nm, but fragmentation is high at 400 nm. This observa-
tion is advocating the non-adiabatic process of CO, ionization and fragmenta-
tion and rules out the adiabatic interaction, which was found to be wavelength
independent[168].

It is interesting to note that the C*t, O%, and CO™ yields at 400 nm and

800 nm are almost the same (in the top panel of the figure). The singly charged
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fragments are mostly formed from the repulsive states of COJ , and some channels
of doubly ionized CO, may also contribute. The observed same yield of singly
charged fragments indicates that both 400 nm and 800 nm populate the same
dissociative states of singly and doubly ionized CO, at the used intensity.

The doubly charged fragments ion yield at 400 nm and 800 nm are
shown in the bottom panel of figure [5.4]. Interestingly, the yield of C*T and
O?* at 400 nm is over 6 times more than the yield at 800 nm. This trend is not
expected as revisiting electrons in the case of 800 nm may also contribute to the
photoionization of COJ. The observed result is possibly due to the higher yield
of double ionization at 400 nm as compared to 800 nm at the same intensity.
A similar observation has been reported previously, in which the fragmentation

was more at lower wavelengths [94].

5.3.3 Pulse duration dependence photoionization of CO,

This section discusses the pulse duration (chirp) dependent on the ionization and
fragmentation of CO,. The laser’s pulse duration is varied from 29 fs to 374 fs,
and the fragments yield is recorded with the same laser intensity for linearly and
circularly polarized light.

The results of singly charged ion yields as a function of pulse duration
are shown in Fig 5.5. The ion yields increase as the pulse duration gets longer for
linearly and circularly polarized light. These findings are consistent with previous
work on other molecules [169, 170, 171], which have shown us that fragmentation
is more at a longer pulse duration. The peak intensity was kept constant at ~
0.31 PW/cm? during the entire measurements. At this laser intensity level,
the tunneling ionization process dominates. As pulse duration increases, the
recollision probability of tunneled electrons goes up, and the double ionization
cross-section is enhanced [172, 173]. To confirm the recollision process and its
contribution to the yields, we switched the laser polarization to circular and
performed the ion yield measurement at the same intensity range. The results
are shown in the bottom panel of Fig 5.5. The yield of C*, O*, and CO™

are lower with circularly polarized light in comparison to linearly polarized light.
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charged fragments.

This result confirms that a significant portion of the fragmentation and ion yields
is from the recollision of tunneled electrons.

The yield of doubly charged fragments (such as C** and O*") for lin-
early and circularly polarized light are shown in Fig 5.6. The yield of C?* and
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O?7 increases as a function of pulse duration. This ion yield trend is a signature
of the dissociative CO2™ or multiply charged ion formation is more at longer pulse
duration, which produces doubly charged fragments. In summary, the ionization

and fragmentation are more at longer pulse durations.
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[B] Two-color photoionization of CO,

5.3.4 Intensity dependent two-color photoionization COs:

PTC

The ionization rate of a molecule in a two-color field depends on both field
strengths, the relative phase between them, and its effect on the tunnel electrons.
Here, the enhanced ionization is investigated by varying the intensity ratio. The
SH intensity was 0.2 PW /cm? fixed during all measurements and FW intensities
varied from 0.10 to 0.46 PW/cm?. The SH intensity is in the MPI regime (y =
1.88), and the FW intensity changes from the MPI to the TT regime (7 = from
1.618 to 0.809). Thus, there are two regimes of two-color ionization. When
both SH and FW intensities are in MPI, the ionization and fragmentation in
the two-color field are only due to the MPI processes. The other case is when
SH intensity is in MPI, and FW intensity is n TI then the ionization process is
complex as the MPI by SH, the TT by FW, and the revisiting electron-induced

ionization are competing.

Figure [5.7] [top, left] shows the yield of CO5 and CO3" as a function

of the intensity ratio.

It is interesting to notice that the COJ and CO2" yield is constant over
the intensity ratio (Ia,/I,) of 0.6 - 1.2. In this range, the multiple electronic
states of COJ, CO3" and even higher charged CO, (34, 4+) are populated by
absorption of photons or tunnel electron recollision mechanism. The observed
fragment yield trend can be understood from the possible excited dissociative
states of ionized CO,. The X?[], is the ground state of CO3, and the A* ], and
B?%"  are stable bound states. On the other hand, the C* Z;r is highly unstable.
The X2[],, A*[],, B*Y_,, C*Y, and other states of COF are accessible by
two-color field. Their population gets altered with some delay (sub fs, recollision
time) by the revisiting electrons, which excites or ionizes the COJ to higher
charged states. The electron recollision induces excitation /ionization, competing
with the decay of the nuclear wavepacket in the repulsive states of COJ (e. g.

C?37). It is expected that the yield of COj should deplete when the yield
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Figure 5.7: [top, left] The COJ and CO3" ion yield as a function of intensity
ratio (Inw/I,). [top, right] The charged fragments CT, O, and CO™ ion yield
as a function of intensity ratio. [bottom] Doubly charged fragments trend as a
function of intensity ratio. Error bars obtained from measured counts are shown
in each plot.
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of CO2" increases which are not observed in this range of intensity ratio. This
observation indicates that the rate of COJ formation in the intensity described
above range is not affected by either recollision or decay of the nuclear wavepacket
in repulsive states leading to the dissociation.

The unique trend in ion yield of COj and CO3* is observed in the range
of the intensity ratio (I, /I,) of 0.24 - 0.60. In this regime, the ionization is not
only from the MPI by SH and TI by FW, but also from the revisiting tunnel
electrons. As a result, the enhancement in yield of CO3" yield, and depletion of
COy is expected and observed in the intensity ratio (Iy,/L,) of 0.24 - 0.60.

Figure [5.7][top, right] shows the fragments yield trend as a function of
intensity ratio. In the 0.6 - 1.2 range of intensity ratio (I, /L,), the CT and CO*
yield is constant but yield of O is gradually increasing. Interestingly the O
yield is the highest, and the CO™ yield is the lowest. This yield trend is due to
the population of multiple repulsive states of precursors and their fragmentation.
It is intriguing to observe the decreasing trend in Ot and CO* yield and the
increasing trend in C* in the intensity ratio of 0.6-0.3. The detailed mechanism
involved in this trend is difficult to disentangle as many dissociative channels are
involved in the formation of these singly charged fragments. The observed trend
is possibly due to the revisiting electron-induced excitation/ionization of CO3 .

The higher charged fragments yield trend is shown in Figure [5.7][bot-
tom]. The doubly and the triply charged fragments have an exponentially de-
creasing trend in the range of 0.24 - 0.50 of intensity ratio. The saturation of the
different fragments starts at different ratios. For example, the C?>T and O** sat-
urate at around 0.5, while C3* at around 0.75 and O3* is very close to 0.4. This
trend can understand from the classical trajectories simulation results shown in
Figure [5.7][bottom, right]. The simulation result reveals that the revisiting ki-
netic energy at 0.5 or less than this value of intensity ratio is 75eV. Thus, it is
enough to ionize the CO,. As the Ionization potential of CO3" is about 37 eV
and Tonization potential of CO3" is 72 eV, the revisiting electron can multiply
(24, 3+) ionize the CO4 [174]. The simulation supports the formation of doubly
and triply charged fragments in the intensity range of 0.24 - 0.60 in which the re-

visiting electron has more kinetic energy than the ionization potential of doubly
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or triply ionized COs. The process of ionization induced by revisiting electrons
and the formation of charged fragments are schematically represented in Figure
5.8. This figure explains the possible pathways for the formation of singly, dou-
bly, and triply ionized CO,. The pathways for singly charged C*, O, CO™ ions,
doubly charged C?*, O?* and triply charged C3*, O3 ions observed and shown
in figure 5.7 are described in equations [5.4 to 5.14]. The revisiting electrons
easily access these dissociative states. In summary, the revisiting electrons in

the PTC field affect the ionization and fragmentation in COs.

5.3.5 Intensity dependent two-color photoionization COs:

OTC

Two-color (OTC) induced ionization of COs is investigated to understand the
ionization and fragmentation in the OTC field. The intensity dependence is
discussed in this section. The COj and CO3" ion yield as a function of the
intensity ratio (Iy,/I,) for OTC field is shown in figure 5.9. The yield of CO3"
beyond 0.6 of intensity ratio is about zero (a sub hundred counts, huge error
bar, not shown in figure). In the range of 0.24 - 0.5, the yield of CO3" ions have
a peak kind of profile. We can notice the enhancement in CO3" yield and the
depletion of COJ yield in this range. This trend in CO3" formation is due to
nonsequential double ionization (NSDI) in the OTC field. Interestingly, the yield
of COJ is increasing as a function of the intensity ratio, peaking at around 0.6
and decreasing. This trend indicates a formation of metastable COJ ions in 0.4 -
0.8 of intensity ratio. Below 0.4 of intensity ratio, the NSDI process is dominant,
and thus, depletion of COJ population is observed.

Singly charged fragments such as C*, O, and CO™ yield as a function
of intensity ratio is shown in the middle panel of figure 5.9. The OT yield is
the highest, and the CO™ yield is the lowest. The yield trend is almost con-
stant in the range of 0.6 - 1.2, which is possible when the ionization rate and
fragmentation yield are not much affected by the intensity ratio in this range.
A slightly increasing trend in Ot and C* ions in this range is due to multiple

dissociative channels contributing to the yield of these ions. In the range of 0.24
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37.3

Figure 5.8: Schematic of potential energy curves for singly, doubly, and triply
ionized CO,. The two colors-induced ionization and tunnel electron revisit are
schematically presented.
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- 0.6 of intensity ratio, single-charged fragments O™ and CO™ follow the COJ
trend. Further, the trend of these ions is similar to the trend induced by PTC.
The doubly and triply charged fragments yield trend as a function of
intensity ratio is shown in the bottom panel of figure 5.9. It is observed that all
the ions saturate (have constant yield) beyond the ratio of 0.4. The O?* yield
is highest compared to other doubly and triply charged species. The C** and
O?* yield trend is similar. In the range of 0.24 - 0.5 of intensity ratio, the O3+
has the lowest yield, and beyond the 0.5, its yield increases slightly and crosses
the yield trend of C3. It is interesting to see a high yield of C** in the range
of 0.24 - 0.5 of intensity ratio. The observed trend in yield of C?*, O+, C3+,
and O3* is due to the processes induced by two-color field and contribution of
multiple dissociative channels of doubly or multiply ionized CO;. The observed
trend is similar to the PTC case. In summary, we learned that the intensity of
two-color play a role in ionization and fragmentation. We now extend our study
to the relative phase dependence ionization and fragmentation of CO,, which is

discussed in the next section.

5.3.6 Phase dependent two-color photoionization CQOs:
PTC

Single and doubly charged CO, ions yield as a function of the relative phase
between fundamental wave (FW) and second harmonic (SH) is shown in the top
panel of Figure [5.10]. The FW intensity (I, = 0.24 PW /cm?) and SH intensity
(I, = 0.48 PW/cm?) were fixed during the measurement. Interestingly, the yield
of CO2" is more than the yield of COJ. The COJ and COZ" yields trend are
oscillatory, and it oscillates with a period of 7. Further, these ion yield trends
are correlated, which means that the formation and fragmentation rates of these
ions are similar as a function of relative phase at the used intensities.

The singly charged fragments yield trend as a function of relative phase
is shown in the mid panel of Figure [5.10]. The oscillatory trend in single-charged
fragments is also observed. Further, the yield of Ot and CO™ are correlated,

but the yield of C* is anti-correlated with Ot and CO™ ions yield. In the yield
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of these ions, the dissociative states of CO5 and CO2" are contributed through
various dissociative channels [5.6 - 5.10]. The OF and CO™ yield trend follows
the yield trend of COj and CO3* which is expected and found here. On the other
hand, the C* yield is maximum when the parent ion or O" and CO* yields are
lowest. This observation suggests the dissociation process which is producing C*
has more probability at -0.5 7w or -1.5 7 of the relative phase.

The doubly and triply charged fragments yield trend as a function of
relative phase is shown in the bottom panel of Figure [5.10]. The doubly charged
fragments, C?* and O?*, are correlated with each other, while both are anti-
correlated with the parent ions. The yield of triply charged C3* and O3T are
both correlated with the parent ions. This anti-correlation between the doubly
and triply-charged fragments can be attributed to multiple dissociative channels,
which are enhanced or depleted at a fixed relative phase. Thus the unique trend
in doubly or triply-charged fragments yield is observed.

For the observed oscillation in the yield of singly and doubly charged
ions we have estimated the modulation depth of about 6 times for C*, 10 times
for O and 1.15 times for CO+ compared to the modulation depth of CO;. The
doubly ionized fragments O** and C?* are 5.4% and 9.42% respectively. While
the triply charged fragments O3 and C3" are at 41% and 3.65% respectively.
To understand these ions yield trends induced by the tunnel electrons, we have
performed the classical electron trajectories simulation. For the revisiting tra-
jectories, the birth time as a function of the relative phase is shown in the top
panel of Figure [5.11]. This result tells us that the tunnel electrons are revis-
iting to parent ion and have a high probable at 0.2 of the relative phase and a
low probable at 0.9 of the relative phase. Similar to this simulation result, we
have experimentally observed the yield trend of singly, doubly ionized CO5 and
its fragments. Thus the simulation confirmed that revisiting electrons further
ionizes the parent, contributing to the various charged fragments. The maxi-
mum return electron kinetic energy as a function of the relative phase is shown
in the bottom panel of Figure [5.11]. The maximum kinetic energy varies from
130 eV to 110 eV, which is enough to multiply ionized CO,. The observed dou-

bly, and triply charged fragments are possibly due to revisiting electron-induced
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processes. The results are consistent with the observed ion yield results.
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Figure 5.11: The revisiting kinetic energy of the electrons as a function of relative

phase (A®) at intensities 0.20PW /cm? of FW and 0.48PW /cm? of SH.
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5.3.7 Phase dependent two-color photoionization COs:
oTC

Our investigation on the OTC-induced photoionization and fragmentation of
COq is discussed here. Similar to PTC, we have observed the singly and doubly
charged CO, and their yields are oscillating as a function of the relative phase
of the two-color OTC field. The yield trend of COj and CO3" as a function
of relative phase is shown in the top panel of Figure [5.12]. Interestingly, the
yield of CO3" is lower compared to CO3. Further, the yield trend of CO3" is
anti-correlated with the yield trend of CO3 . These observations in the OTC case
are opposite that the PTC case (Figure [5.10]). The observed trend in the case
of OTC is due to the modulation of tunnel electron trajectories. The revisiting
electron kinetic energy is also low compared to PTC (this is based on simulation),
which explains the low yield of CO3". Further, the opposite trend in yield of
CO3% with COJ indicates that the formation of CO3" is due to the NSDI in
this process, the double ionization enhanced and singly ionization population

depleted.

The singly charged fragments (like C*, O, and CO") yield as a func-
tion of phase is shown in the bottom panel of Figure [5.12]. The yield of C* is the
highest, and the yield of CO™ is the lowest. This trend is similar to PTC. The
yield of Ot and CO™ oscillates with a period of 7. The trend is also correlated
similarly to PTC. The yield C* fluctuates as a function of the relative phase,
and thus difficult to confirm the oscillatory trend. The observed trend of these
singly charged fragments is due to OTC-induced ionization and fragmentation

of ionized COs.

The doubly and triply charged fragments yield as a function of the
relative phase is shown in Figure 5.13. The O? yield is more than the C**
and oscillates in phase (correlated) similar to PTC. In the case of triply charged
fragments, C3* yield is more than the O3" yield which is similar to PTC, but
it differs from PTC in the case of an oscillatory trend. Here the oscillatory
trend is anti-correlated between the yield of O3* and C3*. This trend is due

to the population of multiple dissociative states (contributing to the yield of
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these ions) induced by revisiting electrons. Here, the OTC induced-modulation
of electron trajectories selectively ionizes the CO3 ion to multiply ionized CO3
which produces more C3* and less O3" at 0.5 7 phase and trend follow the
relative phase.

For the observed oscillation in the yield of singly and doubly charged
ions we have estimated the modulation depth of about 12 times for C*, about
25 times for OT and about 5 times for CO+ compared to the modulation depth
of COJ.

The modulation depth of doubly ionized fragments O?* and C?* are
12% and 5% respectively. While the triply charged fragments O3t and C3* are
at 16.7% and 10.48% respectively.

In ion yield as a function of relative phase, we learned that the yields
are oscillatory and sensitive to the relative phase. Based on classical trajectories
simulation, we attempted to explain the observed oscillation. The two-color may
also influence the photoelectron yield, and the modulation of tunnel electron
trajectories may induce the asymmetry in photoelectron momentum distribu-
tion. In the next section, we have discussed the two-color-induced effect on the

photoelectron momentum distribution.

5.4 Photoelectron momentum distribution of

CO; induced by two-color (PTC) field

Photoelectron momentum distribution (PEMD)s of COy induced by the two-
color (PTC) fields at relative phase 0 is displayed in Figure5.14, recorded at 0.2
PW/cm? and 0.46 PW/cm? for FW and SH respectively. The polarization of
both colors was horizontal at a relative phase of 0. ATT rings are clearly visible
from the figure. Similarly, at different relative phases, photoelectron momentum
distribution (PEMD) induced by 400 nm is represented in the bottom panel of
Figure5.14. The photon energy of 400 nm (3.3eV) is double that of 800 nm, and
thus the ATI rings are much farther spaced. At the used intensity, the counts of

the low-energy electrons induced by 400 nm pulse are clearly visible in the bottom
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Figure 5.12: [top] CO5 and CO3* ion yield as a function of relative phase (A@)
induced by OTC field. [bottom] The charged fragments C*, O and CO™ ion
yield as a function of relative phase (A¢). The ion yields are observed at inten-
sities 0.20 PW/cm? of FW and 0.168 PW /cm? of SH. The counts of COT, CT,
and O™ are about 12000 to 4000, and the error bar is not plotted for clarity.
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142 Chapter 5. Strong-field ionization of COq

panel of the figure. Due to contrast, the low-energy electrons in the top panel of
the figure are not as clear as in the bottom figure. By comparing both PEMDs,
we can see a slight variation, which is due to the two-color effect. For clear
relative phase dependence on photoelectron yield, we have recorded the PEMD
as a function of relative phase. The integrated PEMD yield as a function of
relative phase is shown in Figure 5.15. The photoelectron yield is oscillatory as a
function of the relative phase and has a period of w. This observation is attributed
to the ionization rate by the two-color field and also due to the tunnel electron
trajectories modulation in the two-color (PTC) field. As discussed, the two-color
may also induce the asymmetry in photoelectron momentum distribution. The
asymmetry parameter defined in equation [5.15] can tell us about the induced
asymmetry by a two-color field. Detail about asymmetry parameter is discussed
in the previous chapter.

Asymmetry along p, has been been evaluated at p, = 0. Similarly,
asymmetry along p, can be obtained at p, = 0. The asymmetry between two
pixels is determined by selecting one pixel (intensity at this pixel) along the x-
axis to the right of the center with intensity Iy and a matching equidistant pixel
(intensity at this pixel) to the left of the center with intensity Ix.

Ix — Ix

Asymmetry(p,) = Tt lo (5.15)

The asymmetry in PEMD induced by a two-color(400 nm + 800 nm)
field is compared with a single color(400 nm) to see the variation due to the
two-color field. The asymmetry parameter along p, and also along p, is shown
in Figure 5.14 [bottom|. It is clear that the asymmetry of the photoelectron

distribution is more in the presence of two-color.

5.5 Photoelectron momentum distribution of

CO; induced by two-color (OTC) field

PEMD of COs in the presence of two-color orthogonal fields (OTC) at a relative
phase of 0 is shown in Figure 5.16. This PEMD is obtained at FW intensity of
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Figure 5.14: [top]|Photoelectron momentum distribution induced by two-color
(PTC, 800 nm + 400 nm) field. [bottom|Photoelectron momentum distribution
induced by single-color (400 nm) field. The polarization direction is shown in
the figure.
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0.2 PW/cm? and SH intensity of 0.46 PW/cm?. The observed PEMD induced
by OTC is different than the PEMD of PTC (top panel of Figure5.14). The
ATT rings are not as clearly visible in OTC-induced PEMD but visible in PTC-
induced PEMD. This effect is due to the polarization effect of both fields.

The PEMD induced by a single-color (400 nm, polarization was perpen-
dicular to the detector) field is represented in the bottom panel of Figure 5.16.
The distribution of electrons is concentrated at the center (zero energy) due to
the polarization of the incident pulses. By comparing the single-color-induced
and OTC-induced PEMDs, we can see a significant electron streaking due to the

800 nm field in the case of the OTC field.

The relative phase of the OTC field may affect the yield of photoelec-
trons. The integrated PEMD yield as a function of relative phase is shown in the
top panel of Figure 5.16. An oscillatory trend of photoelectron yield with a pe-
riod 7 is observed. This observation is similar to PTC. In summary, the relative

phase between two colors plays a role in the generation of photoelectrons.

The OTC fields may also induce asymmetry in the photoelectron mo-
mentum distribution. The asymmetry parameter discussed in the previous sec-
tion is computed in the presence of OTC fields. The asymmetry parameter along
p. and along p, is shown in the bottom panel of Figure 5.16. The red data points
are asymmetry values for OTC (400 nm + 800 nm), and the blue data points are
asymmetry values for 400 nm. The asymmetry of OTC along p, is comparable to
that of 400 nm in the low energy regime but shows a higher degree of asymmetry

beyond 0.8 a.u.

The asymmetry along p, of the single color SH is more dominant in
the lower regime (j0.8 a. u. of p,), while in the presence of the two-color fields,
the asymmetry is distributed for the low-energy electrons while for high energies
(beyond 0.8), a similar trend as p, is observed. The observed asymmetry is due

to the Coulomb effect and two-color induced modulation of electron trajectories.
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Figure 5.16: [top|Photoelectron momentum distribution induced by two-color
(OTC, 800 nm + 400 nm) field. [bottom]Photoelectron momentum distribution
induced by single-color (400 nm) field. The polarization direction is shown in

the figure.



5.5. Photoelectron momentum distribution of CO5 induced by two-color (OTC)
field 147

Relative phase

T
0.00 0.25 0.50 0.75[ ]1.00 125 150 1.75 2.00

1.29x10"
1.28x10"
0 |
S 1.27x10°
©
3 |
8 & 1.26x10"° -
2E ]
[N
G o 1.25x10"
O © i
Q
> 1.24x10°
©
"6 i
'_ 10
1.23x10™ 7 s —a— Photoelectron
T — fit
1.22x10" — 71 ' T r 1 * T 1 ' 1T ' T
0 500 1000 1500 2000 2500 3000 3500 4000
Delay
[as]
0.20
0.15 ] [OTC] —4— 400nm + 800nm
0.10 1
0.05
= 0.00 4
C J
> -0.05
2
5,
P
©
£
% 0.25 -
< 0.20 4
0.15 1
0.10 1
0.05
0.00 4 E== =
-0.05 T T T T T T T T T T T

Figure 5.17: [top] Photoelectron yield as a function of relative phase. [bottom)]
Asymmetry along p, and p, induced by two-color (OTC) field at 0 relative phase.



148 Chapter 5. Strong-field ionization of COy

5.6 Summary and Conclusions

This chapter discussed our findings on the strong-field ionization of CO5 induced
by single-color and two-color fields. In the single-color case, we investigated the
intensity, wavelength, and pulse duration dependence on ionization and fragmen-

tations. The findings on single-color ionization of CO, are listed below:

e Intensity dependence: We observed the knee structure in CO3"/CO3*
ion yield ratio. This knee structure is due to non-sequential double ioniza-
tion(NSDI). Interestingly, the knee structure was also found in fragment
ions, and results are interpreted based on classical electron trajectory sim-

ulation.

e Wavelength dependence: We studied the 400 nm induced ionization
(MPI) and 800 nm induced ionization (TI) of CO,. We observed that the
yield of COJ and CO3" is slightly higher at 800 nm compared to 400 nm,

but fragmentation is high at 400 nm.

e Pulse duration dependence: We studied the pulse duration dependence
ionization of CO,. The peak intensity was kept constant at 0.31 PW /cm?
during the entire measurement in the pulse duration-dependent study. We
observed that the yield of singly and doubly charged fragment yields in-

creases as a function of increasing pulse duration.

In the two-color study, we investigated the OTC and PTC fields-induced
photoionization of CO5 and its fragmentation as a function of relative phase and

intensity. The findings on two-color ionization of CO, are summarized below:

e Two-color intensity dependence (PTC & OTC): We observed that
the two-color fields enhance the ionization of CO5. The doubly and triply
charged fragments were observed in the mass spectrum induced by OTC
and PTC fields. The intensity dependence ionization of COy and findings

are listed below:
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— In PTC and OTC, the CO3, CO2" and fragments (singly, doubly, and
triply charged) yield trend is constant over the intensity ratio (Io,/I,,)
of 0.6 - 1.2.

— In the range of 0.3 - 0.6 of intensity ratio (I, /I, ), the enhanced doubly
ionization and depletion of single ionization rate is observed. This is
due to NSDI in the two-color field. This trend is observed in both
OTC and PTC fields.

— Unique fragments yield trend as a function of the intensity ratio
(s, /1,) is observed and interpreted based on the population of mul-
tiple dissociative states of doubly or triply charged CO, by revisiting

electrons.

e Two-color phase dependence (PTC & OTC): We studied the two-
color relative phase dependence on the ion and photoelectron yields at 0.2
and 0.48 PW/cm? of FW and SH, respectively. At used intensity and given
relative phase, singly, doubly, and triply charged fragments are observed,
and each ion follows a unique trend as a function of relative phase, sug-
gesting the influence of relative phase on ionization and fragmentation of
ionized CO,. The relative phase dependence ionization of CO5 and findings

are listed below:

— In PTC, the COJ and CO3" yields are correlated and oscillating as
a function of relative phase. In contrast to PTC, the COJ and COZ"
yields are anti-correlated in OTC. This is due to the modulation of re-
visiting electrons in the OTC field, which affects the double ionization

rate by revisiting electrons.

— In PTC and OTC, the O™ and CO™ yields are correlated but anti-
correlated with the yield of C*.

— In PTC, the doubly charged fragments (C**, O*") yields are cor-
related but anti-correlated with the triply charged fragments (C3T,
O3). These findings suggest that the revisiting electrons are affect-

ing the fragmentation dynamics of ionized COs.
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— The photoelectron yield (induced by PTC or OTC) as a function of
relative phase is oscillatory and has a period of 7. This observation is

attributed to the relative phase effect on the photoionization of COs.

e Photoelectron momentum distribution and asymmetry (PTC &
OTC): We studied the photoelectron momentum distribution (PEMD) in-
duced by the two-color fields using Velocity Map Imaging Spectrometer.
We compared the PMED of two-color with the single-color SH-induced
PEMD. We observed the signature of two-color influences on the PEMD.
Further, we investigated the asymmetry in momentum distribution induced
by a two-color field. The results suggest that the two-color modulates the
revisiting electron trajectories and thus induces the asymmetry in photo-

electrons.

In conclusion, a two-color scheme is a powerful technique to investigate
the sub-cycle(attosecond) resolved processes in molecules. Further, we find that
the revisiting electrons play a crucial role in enhanced ionization and fragmen-

tation.
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Summary and Future Scope

In conclusion, strong-field ionization of atoms (Ar, Xe) and molecules (No, CO
and CO,) were investigated using single-color and two-color laser fields in this
thesis work. The thesis focuses on tunneling electron revisit-induced processes
in atoms and molecules. We use a two-color scheme to modulate the revisit-
ing electron trajectories, and their influence on the excitation, ionization, and
fragmentation of molecules is investigated in detail. The findings have strength-
ened our understanding of tunnel electron revisit-induced process and control of

molecular reactions.

[A] Summary of scientific instruments developed
for thesis work

For my thesis, I have developed the following scientific instruments
e Multi-plate Velocity Map Imaging Spectrometer

— I have performed charged particle simulation for the development of
VMI setup. From the fabrication of electrodes to their assembly, de-
tector mounting, etc., were done by me. I have also performed the

calibration of VMI and utilized this setup for thesis work.

e Two-color setup: I have developed three types of two-color setups to con-

firm that my oscillatory nature of ion yield is reproducible. Below is the

151
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list of setups that I developed for thesis work. After calibration and repro-
ducibility check, I utilized only the pump-probe type setup in most of the

experiments for the thesis.

— Two-color pump-probe type setup
— Calcite plate-based two-color setup

— Wedge mirror-based two-color setup

[B] Summary of scientific studies for thesis work

Strong-field ionization of Atoms:

First, we studied the strong-field ionization of atoms (Argon and Xenon) using
the single-color (800nm) and two-color (800 nm + 400 nm) laser field. We mea-
sured the ions yield by utilizing the time-of-flight mode of VMI spectrometer.
The ion yield as a function of laser intensity is obtained, and this experimental
result is fitted with the ADK ionization rate. The experimental and theoretical
(ADK) ionization rate matches well beyond the 0.5 x 107* W /cm? of laser in-
tensity. Below this value, we noticed a deviation of ADK ionization rate with
experimental results. As the ADK theory gives us the tunneling ionization rate,
its prediction breaks down in the low-intensity multiphoton absorption regime,
which explains the deviation. This observation is consistent with previously re-
ported works.

To understand the ionization rate with a two-color laser field, we ob-
tained the ions yield ratio (Ar?T/Ar™) as a function of two-color laser intensity.
These results were compared with the single-color case. Interestingly, we ob-
served a significant deviation in ion yield ratio in the two-color field compared to
the single-color field in the same intensity range (0.3 x 107 W /cm? - 0.7 x 107
W /cm?). This unique trend in two-color is due to electron revisit induced en-
hanced double ionization and depletion of single ionization rate. Our simulation
also supports the experimental findings.

Further, in Ar, we investigated the ion yield as a function of the relative

phase. We observed that the ion yield is very much sensitive to the two-color
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phase and also the polarization of both colors. The oscillation with a period
of 7w in ion yield as a function of relative phase is observed in OTC and PTC.
Similar to Argon, we have also performed a study on Xenon and found that the
ion yield trend as a function of intensity and relative phase has a similar trend

as we observed in Argon.

Strong-field ionization of diatomic molecules: Ny and CO

Next, we studied the strong-field ionization of diatomic molecules (No and CO)
using a two-color laser field and a Velocity Map Imaging spectrometer. Both
OTC and PTC polarization combinations were used in this study.

First, we investigated the strong-field ionization of Ny and CO using
two-color laser fields with orthogonal (OTC) and parallel (PTC) polarizations.
The intensity dependence on fragmentation yield is studied in detail. We ob-
served that the fragments yield is sensitive to the intensity of the two-color field.
The observed results are explained based on simulations. The phase-dependent
ion yield and fragmentation of these molecules were evaluated under both OTC
and PTC conditions. It was found that the ion yield oscillates with a period
of m for both CO and Njy. The fragment ion yield was found to have an anti-
correlated trend with the parent ions in the case of OTC in Ny, but not in CO.
In contrast, the CO™ ion yield was found to be anti-correlated with its charged
fragments in the case of PTC and was found to be three times higher than the
OTC case. On the other hand, the anti-correlated oscillatory trend in the N3
yield with fragment N* was found to be similar in both OTC and PTC. The
results of this study suggest that the ion yield is highly sensitive to the relative
phase of the two-color field, and that the two-color field can be used to modulate
electron trajectories and control the fragment ion yield of ionized molecules.

Additionally, the photoelectron momentum distributions of CO and Ny
induced by OTC and PTC at relative phases of 0 and 7/2 were studied. It
was found that the PEMD of N, is different from the PEMD of CO induced
by the two-color fields and that this difference is likely due to molecular orbital

contributions and the modulation of electron trajectories in the two-color field.
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The asymmetry parameter was also computed and analyzed for p, and p, at
the relative phases of 0 and 7/2. Variation in the asymmetry parameter was
observed for both molecules under both OTC and PTC conditions, and classical
electron trajectory simulations suggest that electron revisiting-induced processes
in the two-color fields may influence the ion yield trend and the asymmetry in

the photoelectrons.

Strong-field ionization of triatomic molecule: CO,

This study has two parts. In part I, we focused on the laser (single-color) in-
duced ionization of CO,. In part II, we studied the two-color laser field-induced
ionization and fragmentation of COs.

The findings of single-color induced ionization and fragmentation of

ionized CO4 are summarized below:

1. We observed that the doubly ionization of CO; at 0.15 PW /cm™2 is due to
the nonsequential double ionization. This finding is based on the observed

knee structure in yield ratio (CO3"/COJ) as a function of laser intensity.

2. The knee structure is even observed in the fragment yield as a function of
laser intensity. The yield of singly and doubly charged fragments above
0.25 PW/cm™2 are the same and have saturating trend, representing the
fragmentation processes at such high intensity is reached to a saturation

level.

3. In wavelength-dependent ionization and fragmentation of ionized CO; is
studied using 400 nm and 800 nm wavelengths, 29fs, and linearly polarized
laser pulses. We observed the significant yield of doubly charged ions such
as CO3™, C?*, and O%** at 400nm. These ions are not observed at 800nm

with the same intensity.

4. The pulse duration-dependent ionization of CO, and its fragmentation and
ions yield analysis is performed. We have found that the singly and doubly

charged ions yield is more at longer pulse durations.
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5. We observed that linearly polarized light dominates over circularly polar-

ized in the ions yield at the same intensity.

In conclusion, we have investigated the strong field ionization of COs; and

observed that fragment ion yields are influenced by laser parameters.

In the two-color induced study, we investigated the ion yield as a func-
tion of two-color intensity and also its relative phase. The findings of two-color

induced ionization and fragmentation of ionized CO, are summarized below:

1. We observed that the COJ and COZ" yield is constant over the intensity
ratio (I, /L,) of 0.6 - 1.2. In this range, the multiple electronic states
of COJ, CO3" and even higher charged CO, (3+, 4+) are populated by

absorption of photons or tunnel electron recollision mechanism.

2. The oscillation in fragment ion yield as a function of relative phase is

observed both in OTC and PTC.

3. We observed the asymmetry in photoelectron momentum distribution.

Future plans

In the near future, I would like to study the followings.

e Two-color induced photoionization of Chiral molecules:

— to understand the asymmetry induced by a two-color field in photo-
electron momentum distribution (PEMD) and also the chiral potential
effect on PEMD will strengthen our understanding of the chirality of

molecules.

— I would like to perform two-color photoionization of Fenchone and

Camphor molecules.
e Bicircular two-color induced photoionization of PAH type molecules:

— Jodo-Benzene



156 Chapter 6. Summary and Future Scope

— Nitro-Benzene
e Two-color laser field-induced High Harmonic generation from molecules:

- 0CS

— SO,
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