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ABSTRACT

The physical world is asymmetric in nature. This broken symmetry manifests itself throughout the micro
and macro worlds, ranging from fundamental particles to the realm of molecules, and from biological organisms
to spiral galaxies. Therefore, chirality is of interest to physicists, chemists, and biologists alike. The study
of chiroptical phenomena requires an interaction between two chiral systems - a chiral reagent with known
handedness that can induce a differential response of non-superimposable chiral objects. Chiroptical effects are
conventionally performed using Circularly polarized light (CPL) as their chiral probe.

This dissertation presents a conceptually new form of chiroptical detection technique using the helical phase
of light as the chiral probe. Structured light beams, also known as helical light beams, can carry Orbital Angular
Momentum (OAM) £k which is associated with the dynamical rotation of wavefront structure. The intensity
profile of such light is characterized by a phase singularity (optical vortex) and hence a null intensity region
at the center of the beam. The handedness of these beams is associated with the twisting of the wavefront
undergoing [ intertwined rotations in one wavelength. This is analogous to the chiral structure of the electric
field associated with CPL. Moreover, helical light can be categorized as symmetrical and asymmetrical OAM
beams. The latter is achieved by displacing the phase singularity, resulting in an additional degree of control
over these structured beams. Therefore, by using asymmetrical helical light as a chiral probe, two extra degrees
of freedom are gained to study chiral interactions. i) The theoretical unbounded I-value, which increases the
number of intertwined twists within the helical pitch which in principle could increase the chiral sensitivity
with the [-value. ii) The asymmetrical parameter §, affects the field strength and the field gradient around the
optical vortex.

We show that these additional degrees of freedom can influence and control the sensitivity of the chiral
signal. The chiral response from the helical light can be classified by two types of Helical Dichroism (HD)
signals: HD(Type I) defined as the differential absorption of left- and right-helical light for a specific molecule
and HD(Type II) defined as differential absorption between the two chiral objects for a specific helicity and
polarization of light. Our observations demonstrate that HD(Type I) is a beam-dominant property where the
broken symmetry of the helical light can induce a differential response in randomly orientated molecules or
solids with or without structural symmetry. While, HD(Type II) is a material property and is sensitive to both
chiral molecular and crystalline structures.

Using absorption spectroscopy, we demonstrated the first direct observation of HD in liquid, solid, and gas
phases using linearly polarized asymmetrical helical light as the chiral probe without the use of any intermediary.

(i) We show that enantio-pure liquids exhibit enantio-selectivity, a phase effect that can be enhanced by the
l[-value and controlled by the asymmetrical parameter §. Contrary to conventional beliefs, we found that
HD(Type I) occurs even in randomly orientated achiral liquids. These discoveries highlight the benefits of
using asymmetrical helical light as the chiral probe and shift the paradigm of chiroptical detection from
laser polarization to the optical helical phase.

(ii) To further solidify the significance of HD as a chiroptical technique, we demonstrated its presence in
enantiomeric solutions with varying concentrations, since solvents can alter the structure and properties
of biomolecules thereby modifying their function and reactivity.

These chiroptical effects are not exclusive to molecular structures; they can also occur in crystalline struc-
tures. In solid-state materials, the higher density combined with the inherent birefringence and macroscopic
anisotropies often mask the optical signal of traditional methods.

(i) We demonstrate that helical light can map crystal symmetry, and differentiate chiral crystals with an
HD signal one to two orders of magnitude higher than when using CPL. We also show that achiral
crystals exhibit HD(Type I) and the magnitude of the signal is influenced by the bandgap. These results
demonstrate that the crystal structure in solid-state matter responds strongly to the optical helical phase
compared to CPL.

(ii) This novel form of solid-state optical dichroism is not limited to crystalline structures. We observe the
first existence of intrinsic dichroism in amorphous solids using asymmetrical helical light beams. Such an

ii



effect is typically unexpected in glass materials due to the disorderly state of the medium. Suggesting
that HD(Type I) is responsive to the short-range order of amorphous materials. This new development
in chiroptical techniques can aid the understanding of the mysterious nature of amorphous materials and
the development of various optical applications.

In the gas phase, two techniques are introduced to study chiral systems. Both implement a time-of-flight
mass spectrometer (TOFMS) detection scheme; however, we use two different chiral probes.

(i) Elliptical dichroism using a femtosecond laser mass spectrometer provides a molecular fingerprint of the
interaction by measuring the ions and fragments produced during the ionization and recollision process.
The chiral recollision yields are influenced by the handedness of the elliptically polarized light. This method
overcomes the limitation of needing pure enantiomers or prior chemical separation for measurements. The
chiral efficiency is significantly higher than conventional Circular Dichroism (CD) and comparable to
Photoelectron circular dichroism (PECD).

(ii) Orbital angular momentum-dependent strong-field ionization reveals that asymmetrical helical light offers
new dimensions to control the strong-field ionization of atoms and molecules. Our findings indicate that
the ions and fragments of chiral and achiral molecules are strongly influenced by the handedness, the I-
value of the OAM, and can be manipulated by shifting the phase singularity. This allows us to examine the
effect of helical light on any element of the molecular composition. Moreover, this differential ionization
is not limited to molecules; we show that argon exhibits similar ionization effects.

In a vacuum system, the absence of significant intermolecular interactions and propagation leads to a clean
chiroptical signal with high sensitivity compared to the liquid and solid phases. Also, by using asymmetrical
helical light the field strength and the field gradient around the optical vortex can be manipulated which can
increase the ponderomotive energy and acceleration compared to Gaussian light, and this effect intensifies
with an increase in the l-value. These discoveries offer new opportunities in strong-field and plasma physics,
potentially creating applications of asymmetrical helical beams in all states of matter.

In the liquid phase, we model light-matter interaction by considering multipole expansion in the perturbative
regime. We find that HD arises from the coupling of the electric dipole and electric quadrupole terms. In the
solid phase, we model HD by considering electron transitions via Multiphoton-Assisted Tunneling (MPAT).
This process ensures that electron displacement remains within the short-range order in solids, enabling us to
effectively probe intrinsic dichroism. In the gas phase, we extend the model to the non-perturbative tunneling
regime and demonstrate that the differential ionization results from the field strength and gradient directly
influencing the molecular and atomic potential.

The advantages of using asymmetrical helical phased light as a chiral reagent in all three phases of matter
include the ability to tune and precisely control the amplitude of HD(Type I). This can be achieved by (i)
shifting the phase singularity in the beam, (ii) superposition of OAM and Gaussian beams, (iii) varying the
l-value, and (iv) varying the laser polarization. These unique characteristics, along with the bandgap and
ionization potential dependence of HD and differential ionization, distinguish this technique from other existing
polarization-based chiroptical methods.
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THESIS MOTIVATION

Chiroptical effects were traditionally studied using spectroscopic methods and CPL as their chiral probe.
These techniques, which include optical rotatory dispersion (ORD), CD, and Vibrational Circular Dichroism
(VCD), rely on the handedness of CPL to induce enantio-sensitive transitions in a chiral molecule. The differen-
tial response arises from the coupling of the electric and magnetic dipole matrix elements. The chiral sensitivity
is limited by the relative size difference between the molecular dimension and helical pitch of the CPL and
scales inversely with the wavelength of light. Consequently, the chiral efficiency of CD is poor, on the order of
0.01 — 1%. Spectroscopic techniques using CPL X-ray gained considerable interest due to the size of the helical
pitch being comparable to the molecular size. However, it is still performed in the linear resonant absorption
regime and relies on the weak transition moments.

Applications of conventional chiroptical techniques are widespread, from the stereochemistry of both organic
and inorganic molecules to the characterization of biomolecules (such as nucleic acids, DNA) and to drug
development in the pharmaceutical industry since most drugs are chiral compounds. As the demand for these
techniques grows, so does the need for innovative and highly efficient chiroptical techniques that provide detailed
insights into the characterization of chiral molecules and their enantio-sensitive interactions.

The advent of high-powered pulsed lasers opened new avenues for investigating chiral effects, leading to
improved chiral signals in the nonlinear absorption regime through two-photon CD and nonlinear optical activity.
These advancements enabled the development of non-resonant, nonlinear chiroptical techniques with greater
enhanced chiral sensitivity due to the intense light fields. To further improve efficiency, we can either rely
exclusively on the electric dipole transitions as seen in PECD and synthetic chiral light or redefine a new chiral
reagent that can amplify the chiral signal even with higher-order interaction terms. PECD has higher efficiency
than CD but is mostly limited to gas phase chiral molecules, and synthetic chiral light has yet to be observed
experimentally. Therefore, defining a new chiral reagent is the only path forward for the advancements of
chiroptical spectroscopy.

This research introduces a conceptually new form of chiroptical technique using asymmetrical helical light
beams to probe and control light-matter interactions in liquid, solid and gas phases. It exhibits high efficiency
and control over the chiral signal and can induce differential signal even in achiral matter. This optical probe has
potential implications for a variety of fields, including physics, chemistry, and material science. This approach
is versatile and can be integrated into existing CD spectrophotometers and can be extended to plasmonic
metasurfaces or transparent polymers. This work paves the way for advancements in chiroptical spectroscopy,
asymmetric catalysis, molecular electronic devices, chiral sensors, and electron dynamics in attosecond and
plasma physics. The efficiency of HD allows for chiral recognition on solid surfaces, a critical aspect in surface
and material sciences. It also offers new avenues for developing enantioselective catalysis and asymmetrically
synthesizing bioactive molecules.
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OVERVIEW

INTRODUCTION TO CHIRALITY

This first chapter provides an introduction to the concept of chirality and its significant role in nature. This
sets the stage for an exploration and explanation of traditional chiroptical techniques and the theory used in
both liquid and solid phases, such as CD and Optical Rotation (OR). It will also discuss the observation of
chiral discrimination in the gas phase, where we present an efficient nonlinear gas phase chiroptical techniques
and their mechanisms. These above-mentioned techniques utilize CPL as the chiral probe and will serve as a
comparative basis throughout our study. Despite their widespread use, we address the inherent limitations of
using CPL as a chiral reagent. Throughout, the chapter we propose a solution to these constraints by employing
helical light as a probe, where unexpected findings and additional advantages are observed.

OPTICAL PROBE AND DETECTION SCHEME

The second chapter includes both the theoretical and experimental aspects of the optical probe and the detection
schemes. The section on the optical probe describes the fundamentals of femtosecond pulses, their physical
properties, and their generation process in a Ti:Sapphire laser system. This discussion will be extended to
include structured light such as Laguerre-Gaussian (LG) beams. Additionally, a distinction between symmetric
and asymmetric LG beams will be presented both theoretically and experimentally. The second section on the
detection scheme will explore the details of two experimental setups: i) a transmission setup used to measure
the absorption of light for both liquid and solid samples and ii) a TOFMS used to detect the ions and fragments
produced during the interaction.

WEAK- AND STRONG-FIELD LIGHT-MATTER INTERACTION

This chapter sets the theoretical groundwork for our models and results, focusing on light-matter interaction
in both weak and strong field regimes. The weak field section provides details on the perturbative approach of
light-matter interaction with a weakly perturbing field. It provides an overview of linear absorption, in relation
to CD and ORD, and on nonlinear absorption, specifically Multiphoton Absorption (MPA) pursued using both
microscopic and macroscopic approaches.

The strong-field section will discuss the non-perturbative approach, used when the light field strength be-
comes comparable to the atomic potential. It outlines the limitations of the perturbation regime at high
intensities and introduces the concept of tunnel ionization as well as different types of strong-field ionization
methods. Furthermore, recollision dynamics is analyzed via generated ions (non-sequential double ionization)
or emitted high-harmonics of incident light.

LIQUID PHASE - HELICAL LIGHT INTERACTION

This chapter lays the foundation for understanding helical dichroism in the liquid phase, summarizing past
experimental and theoretical advancements. It is followed by an outline of two published articles in Nature
Photonics and the Journal of Chemical Physics where we elaborate on the uniqueness of our concept, experi-
mental procedures, and key aspects useful for understanding the progression of our findings.

We demonstrate that enantio-pure liquids respond differently to the handedness of the rotating wavefront
of the helical light and therefore exhibit enantio-selectivity. It was also found that randomly oriented achiral
liquids show a type of dichroism when probed with helical light. Additional information includes experimental
checks and procedures to validate our observations. The second study highlights the importance of HD as a
chiroptical technique by demonstrating its presence in enantiomeric solutions with varying concentrations, given
the crucial role solvents play in many biological processes. Chiroptical effects can be amplified by the [-value
and controlled by the asymmetrical parameter §.

Throughout this chapter, we emphasize the use of asymmetrical helical light as the chiral probe, which adds
more control parameters to existing chiroptical detection utilizing laser polarization.



SOLID-STATE PHASE - HELICAL LIGHT INTERACTION

This chapter will shift focus from the liquid phase to the solid-state phase, illustrating that chiroptical effects
are also evident in crystalline structures. Initially, we will provide foundational knowledge of multiphoton
absorption of Gaussian and helical light, followed by the necessary details to comprehend the physics of the
established model.

Using our third article, published in Nature Communications, we reveal that the structural symmetry of
the crystal can be mapped by angle-dependent absorption of helical light. Furthermore, the HD signal of
both chiral and achiral crystals can be measured at a level one to two orders of magnitude greater than when
probed using circularly polarized light. We also show that HD is not limited to crystalline structures. Intrinsic
dichroism is present in amorphous solids when probed with asymmetrical helical light beams. This indicates
that HD is sensitive to the short-range order of amorphous materials. These observations are explained by a
hybrid model between perturbative and tunnel ionization, known as MPAT. A supplementary is included for
additional theoretical and experimental results.

(GAS PHASE - HELICAL LIGHT INTERACTION

This chapter will focus on the experimental results obtained from a time-of-flight mass spectrometer where
ions produced in the interaction region are detected. It will be divided into two gas phase techniques to
study molecular and atomic systems in the strong-field regime. The first section will consist of the chiroptical
technique, as detailed in our fourth article published in Scientific Reports. Here, we found that the chiral
recollision yields of ions and fragments are influenced by the handedness of the elliptically polarized light. This
variation in ionization results in an efficiency comparable to PECD and surpasses CD. A detailed section on
recollision dynamics lays the foundations for the description of the mechanisms responsible for the chiroptical
effects.

The second section focuses on orbital angular momentum-dependent strong-field ionization an article sub-
mitted to Nature Physics. In this approach the chiral optical probe is replaced from CPL to asymmetrical
helical light, offering new degrees of control over the ionization of atoms and molecules. Our findings indicate
that ionization of chiral and achiral molecules are strongly influenced by the handedness, [-value, and can be
manipulated by shifting the phase singularity. This observed differential ionization is also shown for atomic sys-
tems such as argon. Lastly, by using asymmetrical helical light, the field strength and the field gradient around
the optical vortex can be manipulated to increase the ponderomotive energy and force with [-value. A theory
section on non-dipole tunnel ionization with asymmetrical LG beam is provided with additional supplementary
information.

CONCLUSION AND FUTURE IMPACT

The final chapter of this dissertation will contain the concluding remarks and the future scope of my research.
This will include a discussion on the potential impact this research has on the scientific community, such as
further advancement in strong-field physics, plasma physics, nonlinear optics, and attosecond dynamics. The
findings from this research open many opportunities for future experiments such as High-Harmonics Gen-
eration (HHG) with asymmetric LG beam, Photoelectron Helical Dichroism (PEHD), and OAM-dependent
Non-Sequential Double Ionization (NSDI). These new ideas followed by their proof of principle are included.
This research and future scope should encourage further investigation into the mysterious nature of helical
light-matter interaction. The potential for new discoveries and advancements is immense, and the implications
of such could be far-reaching.
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INTRODUCTION TO CHIRALITY

This first chapter provides an introduction to the concept of chirality and its significant role in nature. This sets
the stage for an exploration and explanation of traditional chiroptical techniques and the theory used in both
liquid and solid phases, such as CD and OR. It will also discuss the observation of chiral discrimination in the
gas phase, where we present an efficient nonlinear gas phase chiroptical techniques and their mechanisms. These
above-mentioned techniques utilize CPL as the chiral probe and will serve as a comparative basis throughout
our study. Despite their widespread use, we address the inherent limitations of using CPL as a chiral reagent.
Throughout, the chapter we propose a solution to these constraints by employing helical light as a probe, where

unexpected findings and additional advantages are observed.

1.1 CHIRALITY IN THE NATURAL WORLD

From early on, we as humans have understood that the physical world is not symmetrical. Despite our efforts
to create order and symmetry around us, the natural world is inherently asymmetrical, chaotic, and constantly
in a state of disorder. Yet, we recognized by manipulating the input of an asymmetrical system, we can control
the outcome and achieve our desired tasks. To exploit this asymmetry we first must recognize its presence,

understand its mechanics, and then determine how to control it in order to achieve an intended outcome.



1.1. CHIRALITY IN THE NATURAL WORLD

We acknowledge a form of asymmetry, known as chirality, in the natural world when we realize that our hands
and feet are non-superimposable mirror images of each other, each capable of producing different outcomes. We
can refer to this form of chirality as a chiral probe - a chiral object with a known handedness and functionality

that can trigger a chiral interaction leading to a unique result.

In our daily lives, we encounter other chiral objects, such as screws and propellers, which have a directionality
linked to their rotational dynamics. For instance, a right-threaded screw will have a different direction of linear
displacement (angular momentum or torque) depending on the direction of the applied force by our hand (chiral
probe) on the screw (chiral object). A counter-clockwise rotation results in a positive displacement, while a
clockwise rotation results in a negative displacement. Interestingly, a left-threaded screw with a clockwise
rotation will yield the same result as a right-threaded screw with a counter-clockwise rotation. Thus, the
combination of i) rotational dynamics generated by the chiral probe (our hands), and ii) the directionality
of the linear translation (observed outcome) caused by the chiral interaction are the two types of movement

essential for dynamic chirality in the physical world.

1.1.1 HOMOCHIRALITY

Chirality can be examined and scrutinized from the macroscopic level that we encounter daily, to the mi-
croscopic level of crystal lattices and biological cells, and even further to the submicroscopic in the realm of
molecules. However, it’s important to note that macroscopic objects do not necessarily have a microscopic
chiral composition and vice versa. Take a screw for example, it is a chiral object on a macroscopic scale, but
microscopically its molecular or lattice composition is achiral. As for the biological makeup of our left and
right hands, both contain B-DNA in the form of a right-handed double helix, all the proteins in these cells
are composed of L-amino acids, and most carbohydrates originate from D-sugars. The molecular composition
of living organisms, including DNA, RNA, proteins, and sugars, are all chiral molecules, also referred to as
enantiomers and depicted in figure 1.1. Biomolecular chirality, whether in a virus, a primitive bacterium, or a
human brain cell, is universally the same. Living organisms composed of left-handed B-DNA, D-amino acids,
and L-sugars enantiomeric biomolecules does not exist on Earth. This extraordinary selectivity on earth is

known as biological homochirality [1].

From a chemical perspective, a pair of enantiomers are non-superimposing mirror images of each other and
have similar physical and chemical properties. Interestingly, under identical external conditions and within
an equilibrium state, both enantiomers are expected to have equal energy levels and therefore have an equal
probability of existence. However, if one considers the interactions of elementary particles, referred to as parity-
violating weak forces, it leads to the conclusion that there must be a small difference in their energy potential
thus favouring one chiral form over the other. Therefore, the abundance of one chiral compound is always
more prevalent in nature than the other handedness. The question then arises, is the biological homochirality

observed on Earth a direct consequence of universal asymmetrical laws of the weak interactions, or is it merely



1.1. CHIRALITY IN THE NATURAL WORLD
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Figure 1.1: Biological chirality: On the left, we have the types of biomolecules that occur in nature. These include
right-handed B-DNA left-handed Z-DNA, and L-alanine, which is an amino acid. On the right, we have the types of
biomolecules that are not typically found in nature. These include left-handed B-DNA, right-handed Z-DNA, and a
small amount of D-alanine, another form of the amino acid [1].

a coincidence?

1.1.2 CHIRALITY AND OPTICAL ACTIVITY

Chirality can manifest itself in two ways: i) within the molecular structure from the lack of the S,, axis of
symmetry due to the presence of a chiral center [1], an atom is connected to four different groups of atoms,
depicted by figure 1.2. By definition S and R labels are determined by the orientation of the chiral center which
is determined by prioritizing the atoms with the largest to the lowest atomic order. ii) Through the crystal
lattice, a consequence of the structure created during the arrangement of atoms and molecules. Such a structure
can be visualized in figure 1.3, a crystal lattice that is created from achiral molecular composition, SiOs, such

that it generates a chiral crystal orientation defined as left- and right-quartz.

& R(+)-Limonene

S(-)-Limonene 0

Figure 1.2: Chirality in molecules: Schematic representation of the molecular structure of limonene enantiomers. *

represents the chiral centre.

In principle, a chiral medium is defined by the degree of rotation of linearly polarized light with respect to the
polarization plane, a phenomenon known as optical activity. The angle of rotation is i) a property of the medium

and Optical Path Length (OPL) and ii) is inversely related for both chiral compounds. This was first observed
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Left-handed alpha-quartz Right-handed alpha-quartz

Figure 1.3: Chirality in crystals: Schematic representation of the crystal structure of a-quartz and its relation to a
distinct crystal growth.[2]

in the early 19th century for left- and right-handed alpha-quartz, the crystal cut and propagation direction was
perpendicular to the crystal axis [1]. It was later demonstrated that optical activity is not exclusive to crystal

chirality but can also be observed in a sugar solution, a form of molecular chirality in bulk form.

The angle of rotation is typically measured using a polarizer (the probe), a second adjustable polarizer
known as an analyzer, and a detector. By altering the wavelength of the incident light, it is possible to measure
optical rotation as a function of light wavelengths, a process referred to as ORD [3]. Therefore, the optical
activity of quartz is a result of the crystal’s overall structure of the SiO3, an achiral molecule, while for the

sugar solution, it arises from the individually and randomly orientated chiral molecules.

By convention, chiral compounds are labelled by the sign of their optical rotation. If the plane of linear
polarization is rotated clockwise by the chiral sample. It is called dextrorotatory (+). On the other hand, if the
sample rotates the linearly polarized light counter-clockwise it is said to be levorotatory (-). A common chiral
molecule is S(-)- and R(+)-Limonene (figure 1.2) can be used to show that chirality plays a pivotal role in our
daily life by serving as a chiral reagent for enantio-selectivity. Consider the olfactory receptors in our nose,
responsible for the sense of smell, they interact differently with the two limonene enantiomers. For instance,

the R(+)-limonene is associated with citrus odours while the S(-)-handed enantiomer is closer to a pine odour

[4].

1.1.2.1 CHIRAL MOLECULES AND THE DOUBLE WELL POTENTIAL

Chiral compounds can be described quantum mechanically by a double well potential, where the left- and
right-potential is associated to the handedness of the enantiomer [5], see figure 1.13. According to quantum
mechanics, there is always a finite probability of an enantiomer converting from one handedness to the other by

tunneling through the potential barrier. When the barrier is high compared to the energy of the particle, then
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the particle is localized in one or the other of the wells.

In the absence of parity-violating interactions, the 1D double potential well is symmetric with respect to the
inversion parity operator ]5, (z,y,2) — (—z, —y, —z), where the real eigenfunctions of particles in this potential
have definite parity, the stationary states are either odd or even with respect to parity. One can designate the
symmetric and anti-symmetric wavefunctions corresponding to the left- and right-hand wells by v and g,
respectively. Then the real wavefunctions to the time-independent Schrodinger equation, are the positive and
negative linear combinations of the wavefunctions corresponding to the two separate wells; 14 = % (Yr £1).
It is also possible to define the left and right eigenfunctions as a superposition of even and odd functions,
Y r = % (3 £ ¢_). We define the inversion operator on the states as p [1/1L/R] =9/, and p [Wi] = 2.
Under inversion, the symmetric function becomes anti-symmetric and vice versa due to ¥y (1_) being even

(odd) under parity.

The evolution of the eigenfunctions behaves accordingly to

Wt m = % (1/J+€7iE+t/h n wiefiE,t/h> _ \%eﬂ*mt/n (er n wiefiAEt/h) (1.1)

where AFE = (E_ — E,) is the tunneling rate between the wells. Let us suppose that at to the state of the
system is 1. At a later moment, ¢ = h/2AF, the system will be in the pure ¢ state. The system oscillates
between the state ¥, and ¥g at angular frequency w = AFE/h. For a very high barrier, tunneling between the
wells is negligible, in this case, it is possible to describe the particle as being either in the left or right well. This
is clearly the case when the wells are very far apart so that the particle is localized in one of the wells, and this
situation is true for stable S- and R-enantiomers. The left and right states are degenerate energy eigenstates
but not parity eigenstates. A particle which is localized in one of the wells will remain there forever. Its wave

function does not obey the same symmetry as the Hamiltonian, it is a system in broken symmetry.

The ground state energy of both enantiomers will be slightly different due to the superposition of the odd
1_ and even 9 functions. The Hamiltonian of the system commutes with the parity operator 1757 [ﬁ , 15] =0.
The energy of the state whose wave function 1, has even parity is less than that of the wave function with
odd parity 1_, the barrier has less effect on the odd wave function because ¥_ has a node at x = 0 no matter
the height of the barrier, whereas the energy of the even parity wave function decreases as the barrier height
decreases. In figure 1.13, the wave functions of a single particle in a double well potential can be visualized by

the two chiral molecule.

This broken symmetry discussed for enantiomers can also be extrapolated to the crystal chirality, where the
crystal lattice contains the broken symmetry. The solution to the Schrodinger equation in a periodic potential
can be expressed by a plane wave modulated by a periodic function. The solution is known as the Bloch
wavefunction ¥(r) = e Tuy(r), where r is the position k is the crystal momentum, and wuy(r) is the periodic

function with the same periodicity as the crystal.
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Figure 1.4: Double well potential: Schematic representation of the wavefunction of a single particle in a double well
potential. Left:The wave function ¥4 (blue) with even parity, ¢— (red) with odd parity. Right: Shows the symmetric,
11, (magenta), and anti-symmetric, ¥ g (gray), wavefunction as a linear superposition of ¢4, and ¢_. It represents the
particle localization in the left and right well, respectively.

For a chiral crystal, the crystal lattice of one handedness is a mirror image of the other, P [ug (r)] = ufi(r),
where the periodicity of the crystal lattice can be expressed as a linear superposition of symmetric and anti-
symmetric functions, ulg/R(r) = % (uf (r) £uy (r)). However, a plane wave is not an eigenstate of parity
because the states |k) and |—k) are degenerate. Nonetheless, a parity eigenstate is formed by a superposition
of these two states, %(\k) + |—k)). Note, that this function is degenerate in energy but not in momentum.
Therefore, we can express the left- and right-handed plane waves as (r|k);/r = % ({r|k) £ (r|—k)) which are

none other than a cosine (even) and sine (odd) function. Under parity the Bloch wavefunction for a left-handed

crystal lattice becomes a right-handed one.

Plbs] =P %<<r|k>+<r|—k>> P s ()] = %«rw k) uf () = (1.2)

Thus, we can define the left- and right-handed chiral crystal as these Bloch wavefunctions.

s = J5 [uf (r) + uy ()] Re [(r|k)]; vr = 5 [uf (r) — uy (r)] Im [(r]K)] (1.3)
The left- and right-handed wavefunctions for enantiomers (1.1.2.1) and chiral crystals (1.1.2.1) are solutions to
the Schrodinger equation and are used to solve the transition amplitude for CD and ORD.
1.1.2.2 OPTICAL ROTATION

To elucidate the polarization effect on OR we use the wave theory of light. The electric field of linearly polarized

light can be decomposed as a superposition of left and right circularly polarized light with the same frequency
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and amplitude but with a phase shift of =/2.

Ernc = 75 (& +9):Eruc = 5 (2 —ij) (1.4)

The polarization of the magnetic field can be determine by b=2xé.

Bruc = % (=i +9);Bruc = % (iz +9) (1.5)

where we have decomposed left- and right-circularly polarized light into  and ¢ unit vectors in the Cartesian
coordinate system. The left- and right-handed circular polarized light can be converted from one-handedness to
the other via a reflection unitary operator, ‘}y&; = 1, which acts only on the y-coordinate, 6,Er Hc&;; =Ergc.
Figure 1.5 shows the chiral nature of CPL displaying the rotation of the electric field as the light propagates in

space.

a) Helical pitch

Field Strength

Left-handed Circular Polarization |LCP) Right-handed Circular Polarization |RCP)

Figure 1.5: Conventional chiral probe: Schematic representation of left- and right-handed circular polarization.
Identifying two elements essential for chiral interaction, the helical pitch and the field strength of the incident light.

In a chiral medium, the index of refraction for left circularly polarized light nygyc is different from that
for right circularly polarized light nggc [1, 3]. Therefore, the rotation of the plane of linearly polarized light
for a given wavelength in an optically active medium can be understood as the difference in the absorption of
left- and right-circularly polarized light. For a specific enantiomer, the degree of rotation is proportional to the

difference in the index of refraction:

An(N)gr(+) = nruc —npuc = — (Mrac — nrac) = —n(A)s(-) (1.6)

For any chiral medium, there is an observed wavelength effect on the absorption of polarized light. The
strength of such an absorption is measured by the absorption coefficient. The difference in absorption is a result
of the specific wavelength of light that is most sensitive to the molecular electronic energy structure in the

Ultraviolet-visible (UV-vis) or the ro-vibrational energy structure in the Near-Infrared and Infrared (NIR-IR).

7
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The measured absorption corresponds to a specific electronic or ro-vibronic transition from the ground to an
excited state within the molecule. Therefore, the energy difference is thereby measured by the electromagnetic
field which is related to the frequency of the exciting light. In chiral compounds, the non-zero difference in
the refractive index for the Left-handed circular (LHC) and Right-handed circular (RHC) polarization of light
is directly linked to a non-zero difference in absorbance A(LHC) — A(RHC) # 0 and extinction coefficient
e(LHC) — e(RHC) # 0. This phenomenon is called CD. Since the index of refraction and absorption are

related via the Kramers-Kronig relation [6] in the linear and nonlinear regime so are the ORD and CD spectra.

o) R () (o’ o) W'T () (W'
Im [\ (w)] = ~ 2 [ BT 5 0 ge [y ()] = 2 foo ] (17)

w2 —w?2

where (™ is the susceptibility, where n = 1 for the linear regime and n # 1 is the nonlinear regime. w is the
frequency of the incident light, Im [X(") (w)} is related to the absorption coefficient and Re [X(") (w)] is related

to the refraction index. More details are presented in chapter 3 section 3.1.

From these basic principles, it is evident that chiral interactions are dependent on two elements:

1. The helical pitch, which determines the chiral structure of the probe within the wavelength of light. The
helical pitch can be manipulated by altering the wavelength of the light, a shorter wavelength results in
stronger chiral interaction, or by increasing the number of intertwined rotations in one wavelength. The
latter is not feasible with CPL but can be achieved by switching the chiral probe to structured light, where

the chiral structure is incorporated into the wavefront, see chapter 4, 5, 6.

2. The field strength of the incident light. The field strength is governed by the intensity, at high intensities
> 10W /cm? the interaction regime transitions from linear to the nonlinear regime. At even higher

intensities > 10'2W /cm? the regime is considered extremely nonlinear.

By changing these parameters you can effectively alter the interaction resulting in new and efficient chiral light-
matter interactions. These two factors are instrumental in the advancement of new chiroptical methods and

will be continuously elaborated upon throughout the dissertation.

1.2 CONVENTIONAL CHRIOTPICAL THEORY AND TECHNIQUES

In order to characterize chiral interactions, we examine the impact of chiral light, our probe, on chiral matter.
We will explore the physical mechanisms at play behind the pioneering chiroptical methods, using a traditional
approach known as single photon or linear absorption.

While it is widely recognized that nonlinear effects can enhance the efficiency of chiral-light matter inter-

actions, they also introduce a new set of challenges. With intense laser pulses, the interactions take place at

8
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varying time and length scales, leading to the presence of other physical processes during the interaction. Future

chapters will extend these single photon mechanisms to nonlinear processes.

From an experimental perspective, it is common to use bulk samples, necessitating many-body calculations
to account for the large number of atoms involved in the interaction volume. These chiral-sensitive mechanisms
do not describe its effect on many-body interactions but rather concentrate on the differential response between
matter with broken symmetry. Therefore, a single electron approach is adequate to describe the observed

differences.

1.2.1 CIRCULAR DICHROISM

CD is widely used to analyze and discriminate chiral molecules. It is a linear spectroscopic technique that
measures the transmission of left- and right-circular polarized light, at some specific wavelength, through a
sample. CD is obtained by measuring absorptance, defined as the ratio of transmitted intensity by the incident
intensity (I/Iy) or the absorbance, which is the logarithm of the transmittance (A = —Log[l/Iy]) for each
polarization or enantiomer and computing the difference gives CD. The first differential measurements were

observed using the electronic transitions, and the signal was quite small.

The probability of measuring an enantio-sensitive transition is proportional to the matrix element involving
the dipole interference term [7]. The sensitivity of chiroptical techniques that use polarization of the light as
the chiral probe is limited by the relative size difference between the molecular dimension and the helical pitch
of the circularly polarized electromagnetic field. As a result, sensitivity scales inversely with wavelength of light
[8, 9]. Thus, linear techniques in the resonant regime such as VCD that are performed at infrared wavelengths
are often two to three orders of magnitude lower than its counterpart, electronic CD [10]. Shorter wavelengths
such as X-rays in which the helical pitch is in the same order as the molecular size [11] lead to greater chiral

signals.

The mechanism of CD arises due to the coupling of the electric and magnetic dipole transitions resulting in

a differential absorption of left- and right-CPL. The EIM1 coupling,

(g B 10)]| o 3 5] - 1] [B* - B, + e (19)

is expressed in terms of electric and magnetic dipoles. It arises from the time-dependent perturbative method
and changes sign under parity. Equation 1.8 represents the single photon transition elements between an initial
state 1; and a final state 1;. The transition is dictated by the electric dipole p and the magnetic dipole m
within the molecular frame M. The electric £ and magnetic B fields are expressed in the lab frame L. The
factor of 1/3 represents the rotational averaging over all molecular orientations in a bulk sample [12].

The electric-dipole and the electric field are polarvectors having odd parity while the magnetic dipole and

the magnetic field are pseudovectors having even parity. In the molecular frame, the electric and magnetic

9
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dipole coupling leads to a pseudoscalar, Im [u/? - m’/] also known as the "Rosenfeld equation" [1, 13]. In the
lab frame, the helicity of the circularly polarized light Im [E* - B] also leads to a pseudoscalar associated with
the chiral probe and called "optical chirality" [14-16]. Therefore, the interference term is a product of two

pseudoscalars which are sign variant under improper rotations.

1.2.1.1 OPTICAL CHIRALITY

Chiroptical effects are generally small, primarily because the light’s wavelength significantly surpasses the size
of most molecules and they rely on the magnetic dipole moment. The electromagnetic field experiences a barely
noticeable rotation across molecular dimensions. To enhance the coupling with molecular chirality, one could

amplify the chirality by augmenting the electromagnetic field’s twist.

The local chirality of a circularly polarized electromagnetic field can be described by a quantity called optical
chirality, a time-even parity-odd pseudoscalar. It is a fundamental conserved quantity of the electromagnetic

field. Optical chirality can be quantified by the optical chirality density C [14-16].

€0 1 €0 OE 0B
=—E- E4+—B- B =—(B-—-E-— 1.
C 5 V x +2M0 VxB=C 2( o 815) (1.9)

where we used the Faraday’s law and Ampére-Maxwell law. Using the real valued electric and the magnetic

field as E = % (Ee’m + E*ei“’t) and B = % (Be*i“’t + B*ei‘”t), the time-averaged form of equation 1.9

yields

WEQ

C=—5

Im[E* - B (1.10)

This is known as chirality of light and is odd under Parity-time (PT) symmetry.

PT{—%EOIm 2K ~B]} - P{%Im E- B*]} - —%Eolm [E-B*] = %Eolm [E* - BJ (1.11)
PT{—?Im E* -B]} - %Im [E* - BJ (1.12)

Now that we have defined the chirality of CPL which is in the lab frame. the circular polarization states are

defined as [RHC) = “52Im [E* - B] and |[LHC) = —#5¢Im [E* - B].

10
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1.2.1.2 ROSENFELD EQUATION

Optical activity in randomly oriented molecules is described by the optical rotatory parameter. It is known as
the Rosenfeld equation and the first mechanism that could explain the selective absorption or optical rotation
observed when CPL is transmitted through a sample. This was extensively pursued in the linear regime (single-
photon absorption) but can be extended to the nonlinear regime (multiphoton absorption) through higher-order
perturbation. The Rosenfeld equation is related to a single-photon rate of absorption obtained from the time-

dependent perturbation theory.

When the Hamiltonian does not explicitly contain a time-dependence, then the solution to the Schrodinger
equation Ho|UY) = B0 ) is separable in spatial and temporal contributions |U{") = |{”)exp (—iEﬁLO)t/h).
Hj is the field-free Hamiltonian with eigenvalue E,. The introduction of a time-dependent Hamiltonian H ()
will force the system to undergo oscillations. If H(t) changes very slowly in time compared to the natural fre-
quencies |(0H (t)/0t)/H (t)|<< wpm, the method of time-independent perturbation theory, under the adiabatic
process, can be used [13]. The system will continuously evolve from one stationary state to another without the
absorption of radiation. However, when the perturbation is rapidly oscillating such as a field with its frequency

W~ (Wp — Wp) = Wiy then the time-dependent perturbation theory must be employed.
0
zhaﬂf} = (Ho + AV (1)) |¥) (1.13)

where, A is the perturbation parameter and V(t) is the interaction Hamiltonian [13]. For the time-dependent
Hamiltonian, any wavefunction describing the perturbed system may be expanded in terms of a superposition of
stationary states, |¥) = > ¢, (t)|\I/7(10)> where ¢, (t) is the time dependent coefficient for spatial expansion of |¥)
in terms of |\I/£,U)) Substituting |¥) in equation 1.13, applying (\1152)| to both sides and using the orthogonality

of |\I/£LO)> to eliminate the summation on the left.
L d
ih—cem(t) = Y en(®(TR VL) (1.14)
n

This is an exact solution and applies to any perturbation. The system is initially in the stationary states |\I/7(10)>

and set ¢, (t) ~ 1 since the population is mostly in the ground state. Thus, the general solution is
Z' t
n(®) =~ & [ @O ) ) (115)
— 00

We can expand the time dependent coefficient ¢, (t) in powers of perturbation parameter X; ¢, (t) = 052) +

At (t) + A2 (t) + ... + AV ) (t). Where different order coefficients can be obtained by comparing powers

11
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of perturbation parameter A [6].

e (f) = (Zln) /_ ; 4t (m|V (') [n)eiemnt (1.16)

1\? [t t o
‘ﬁ““:(m>(Lf“/)d“%;wmmmnw@wwm>ma%wwW“z (1.17)

—0o0

t1 to
0= (m) [ [ [T a S @GV @) Y ) e e 1

ik
and the Nth order is defined as, i / (N=1) (41 giwmnt’
process is defined as, ¢, ' () = (m) S S dt m|V () [n)el (t)e .

To include higher order multipoles, such as electric-quadrupole and magnetic-dipole in the interaction Hamil-
tonian V' (t), a multipole expansion must be performed. An overview of the derivation is introduced here and a

full derivation is included in Appendix A.1.

In principle, the transition amplitude can be expressed either in velocity or length gauges. Conversion from
one gauge to the other can be achieved by using the generating function x(r, R,t) fo 7 A R + Ar,t)d\ and
its resulting unitary operator e *x("f.t) [17]. In the velocity gauge, the ground state wavefunction is given by
[1hy (1)) = e~ X4 (1)) and the Hamiltonian is given by H(t) = : (—Zﬁ + /Y(r',t))Q where |t)4(t)) is the
ground state wavefunction in length gauge, iV is the momentum operator and /Y(r’ ,1) is the vector potential.

We used the length gauge to derive the transition amplitude.

To introduce higher-order multipoles in the interaction Hamiltonian, we

1. Taylor expanded the vector potential to the second order about a point R in the interaction Hamiltonian as,
A(r',t) = A(R, ) +iTHA (R,t) ..., and in the generating function as, A(R+ Ar,t) = A(R,t) +)\7_’7(§;1(R t),
where 7T is the transpose of position vector and dA is the vector potential gradient written as a second

rank tensor, see Appendix A.1.

2. Applied the unitary transformation operator e~ X("F:t) to explicitly express the existence of electric
quadrupole and magnetic dipole in length gauge resulting in the non-dipole interaction Hamiltonian
V(t') = rEi(R, ') + %rirja/j-E\i(R, ')+ 3L;B;(R,t'), where E;(R,t) and B;(R,t) are the incident electric
and magnetic fields, respectively, of the asymmetrical Laguerre-Gaussian laser beam, r; ; is the distance
between positive and negative charge in the atomic frame and R represents the coordinates of the laser
beam profile. Q/JE represents the field gradient tensor and L; is the orbital angular momentum of the

magnetic dipole transition moment.

Consider an interaction Hamiltonian of the form, V (t) = Ve~™! 4+ V*ew!, By implementing the rotating
wave approximation, we neglected the complex conjugate of the field because we are only considering absorption
and ignoring the stimulated emission (anti-resonant terms) [6]. The probability amplitude can be expressed as

(V) (4
p%v) (t) = |c£,{bv) (t) |, and the rate of transition is Rﬁng) = Im % ®  For a single photon process we obtain Fermi’s
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golden rule, the transition rate for absorption, from ground state |g) to excited state |m).

d 2m 2m
Ry = i () = 231V 19} 26 (wmg = w) = -l(mIV1g) *p(Ey) (1.19)
where wp,g = R(E,, — E;) represent the energy difference between the two states and the delta function
can be represented by the lineshape function for the resonant absorption 6(E¢ — E; — hw) ~ p(Ey). The single
photon transition rate for Electric-dipole (E1), Magnetic-dipole (M1) and Electric-quadrupole (E2) moments

are

m

2 2
R() = - (T ?) - E+ (T |m[0) - B+ (D |QIU) - VE| p(Ey) (1.20)

El M1 E2
The charge transfer for these higher-order multipoles are depicted in figure 1.6. The electric multipoles
represent charge configurations, whereas magnetic multipoles correspond to current sources [18|. Electric-dipole
moment and magnetic-dipole moment coupling term is sensitive to polarization and is responsible for CD and
ORD while the electric-dipole moment and electric-quadrupole moment coupling term is responsive to the helical

phase and give rise to HD.

Charge translation Charge rotation
LR 4
+ 0““ ‘."0
0‘ ’0
0‘ ’0
- m
i Q
Electric-dipole (E1) Electric-quadrupole (E2) Magnetic-dipole (M1)

Figure 1.6: Multipole moments: Schematic representation of the Electric-dipole, electric-quadrupole, and magnetic-
dipole moments depicting the charge translation and rotation.

Optical measurements are often performed on media in which the individual molecules are randomly ori-
ented, such as in liquids or gases. This requires a rotational averaging over all molecular orientation (()q). It
can be calculated through the use of a direction cosine matrix, ® [12] which contains the molecular orienta-
tion in the laboratory frame. A factor of 1/3 for Electric dipole-dipole coupling term (E1E1), Electric-dipole
magnetic-dipole coupling term (E1M1), Magnetic dipole-dipole coupling term (M1M1) and a factor of 1/5 for
Electric quadrupole-quadrupole coupling term (E2E2) arises from the rotational averages, (®;®;) = d;;/3 and

(D@, P;) = (04001 + Jirdj1 + 00 k) /3%5 [12]. If the molecules are not in a fixed frame or not partially aligned
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by the field (such is the case for linear regime), the Electric-dipole electric-quadrupole coupling term (E1E2) and
Magnetic-dipole electric-quadrupole coupling term (M1E2) vanishes upon rotational averaging (®;®;®;) = 0
[12, 13]. So, for linear absorption in an isotropic liquid, only four terms survive upon rotational averaging and
we can further ignore the M1M1 and E2E2 coupling term as they are significantly smaller compared to the

other terms.

By using perturbation theory and rotationally averaging over all molecular orientation for an isotropic

medium we obtain the average transition rate.

2 (1 1 1
(R g)e = 5 (Glam B LB i [ - ™| T B +

ho\3
0 0
1 —
(" QIaRe[VE - B+ (m™ - Qoh [VE - B'] +£1Q P IVER | p(EBy) (121)
(1) small 0 0 small
(R =Tr,E, + Davrrr, + + Lere;” + Dwrms” + Lesey” (1.22)

Where for real quantities, B - E* — E - B* = —2iIm [E* - B] known as optical chirality, C' [14-16], and the
molecular chirality is defined by (—ip™9 - m9™) = Im [u™9 - m9™] and is known as the Rosenfeld equation
[1, 13]. Both the optical chirality and the molecular chirality term are responsible for ORD and CD. It is
important to note here that for an ordered or partially ordered medium the E1E2 coupling term does not vanish
and is called optical helicity, T and is defined as Kﬁ] E*+E- (ﬁ))Tﬂ = 2Re [E* . ﬁﬂq = 2Re [ﬁ) . E*}
Optical helicity becomes important for strong-field chiroptical measurement with helical light described in the
later chapter 4, 5, 6. These coupling terms can be readily extended to a multiphoton process by introducing

the higher perturbation terms (see supplementary of chapter 4).

1.2.1.3 PARITY OF CIRCULAR DICHROISM

Using the PT symmetry we can show the existence of differential absorption of CPL for enantiomers, the
molecular response for one molecular handedness is equal to its mirror image. Therefore, it is a time-even

parity even scalar.
PT{Im (W -mW]R} = Im [™? - m™) (1.23)

Where we assign the symmetrical ground state W, to the R-enantiomer and the anti-symmetrical ¥, to the S-
enantiomer. This can be justified as the consequence of the slight asymmetry in the molecular potential, leading
to eigenfunctions either symmetrical ¥9 = 1/v/2 (¢4 +1)_) or anti-symmetrical U9, = 1/v/2 (Yy — o),
where W, (U_) is even (odd) under parity. Therefore, the enantiomer pair is localized in opposite ground

states; if R is even, then S is odd or vice versa. The excited states for both enantiomers are assumed to be a

14
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mixed party state given as ¥, = 1/v/2 (¢ +iB1_), where if is a small phase lag factor between even and

odd states [1, 19].

The PT symmetry for EIM1 for circularly polarized Gaussian beam is

1 1
PT{FElMl} = PT{§Im (L™ - m9™] . Tm [B” .B]} = —glm W™ -m?"] Im [E* - B] (1.24)

Therefore, E1M1 transition are odd under PT symmetry. This is known as true chirality because it is parity-odd

and time-even pseudoscalar. This can be translated to conventional CD for Gaussian beams.

PT{CDR} = PT{%Im [ -mgm]R}PT{Im [E* B]—Im[E- B*]} -

- %Im (™ - mo™ (Im [E* - B] - Im[E-B*]) = —~CDs  (1.25)

Therefore, CD is odd under PT symmetry [14, 15]. Therefore, CD can be considered “true chirality” because

it is odd under space inversion.

1.2.1.4 INDUCED MOLECULAR MOMENTS

Induce multipole molecular moments are responsible for many optical phenomena as they are related to the po-
larization and magnetization of the material times the number density N of the atoms. Consider an observable O
such as the electric or magnetic dipole moment of a molecule. According to quantum mechanics, the expectation
value is defined as (O),,, = (li'%o) |O|\i/%0)> where the wavefunction is defined as |\i'7(10)> = |\I/$LO)> +> . cm(t)|\1'$2)>.
We can use the expectation values to calculate the form of the linear and nonlinear susceptibilities. Here we
will explicitly derive the induced multipole moments that are commonly used to describe chiroptical interaction
and extend to chiro-helical interaction in chapter 4. First, expand the expectation value to explicitly show the

time dependence of a n — m transition
(O)un = (WOO[B) + 2Re | 3 (1) (WD 0] D)yt (1.26)
m

Here we expressed the complex conjugate term as a real part for simplicity and the energy difference between
the states is defined as wym = (B, — Ey)/h. If our perturbation is a monochromatic wave, the perturbation
operator has the form V (t) = Vcos(wt) where V is the time-independent interaction Hamiltonian. Substitution

of the perturbation V(¢) in the time-dependent coefficient represented by equation 1.15 leads to

() = e — (W70 / cos(wt)einmtdt (1.27)
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and solving the time integral gives

(wsin(wt) + iwnmcos(wt))
(W? —wiy)

em(t) = ) — (U7 WD) eionnt (1.28)

Substituting the above equation into 1.26 we get

(O = (WDIO[Y) +2Re 3 [el) (W0 O]

+<\If(° 01wy (O 71w
H(W%m - WQ)

[(iwsin(wt) — wnmcos(wt))]] (1.29)

(0

The transient term can be eliminated by taking ¢, )~ 0 [13] and simplifying the real argument, Re [ia — b] =

— (Re [b] + Im [a]), results in

(0 = (WO |O[ W) ~ Zhoﬂ —y [Re (W01 (@D 7190) | nmcost
m#n

+ Im [(B(0O[w )| )] wsinwt)|  (1.30)

Here, we substitute the time-dependent perturbation operator V(t) = f/cos(wt) and its rate of change as

axgit) = —wf/sin(wt) to obtain an implicit form of the time-dependent transition.

2
(O = (ED0TD) = 3 P — [wnmRe {<W%°)|OIW§2)><W52)\V(t)l‘l’ﬁbow
m#n

-t ool 2 e | s

For isotropic medium, the optical activity or circular dichroism arises from the E1 and M1 moments. However,
the E2 term becomes significantly important for an ordered environment or for the nonlinear regime when a
molecule is irradiated by helical light (shown in chapter 4 and 5). For completeness, we will still perform the

derivation with the quadrupole term.

Introducing the higher order multipoles (derived in Appendix A.1) in the perturbation V () we can explicitly

show the electric-dipole, magnetic-dipole and electric-quadrupole moments in the transition matrix element.

WOV OIE) = ~@ Q) - E - (¥ 0[m|v) - B - (110]Q¥) - VE (132

OE
ot

OVE

ov(t
w1 2090 = 0 ) oo

(U m[ED) - == — (D |QYL) -

OB
= (1.33)

Substituting the matrix element 1.32 and 1.33 into equation 1.31 gives rise to an expanded form of the
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expectation value of an arbitrary observable (O),,.

2
AC) (0) (0) (0) (0) )y | .
Oun = (WPIOW) + 3 ez [wmRe [ 0]0 D) (@0 )] E
©) 1013 (p© ©) O 1013 (g [, lg@y] . L IE
+wnmRe [(UV 01D ) (0 m9)] - B — wim [(w 10/ (1) )] - =
ot [0 0N @D m )] - LB 4 o Re (01000002 |QIw)] - TE
w

1 OVE
oo | (13

—wlm [(070e) (2 |Q|wl)]

By replacing the observable with the electric-dipole, magnetic-dipole, and electric-quadrupole (ignore the higher

order terms such as M1E2 and E2E2) we can express the real induced oscillating multipole moments as

2
(pidun = (Ol W) + 3 s [wnmBe (U0 W) (U115 W) | B
= h(w2,, —w?)
O], 15 (O (g () © 01,19 (g (©) 0] 1 9E;
wnmRe [(U0 1 W0 (0 |y [ 0)] By — wim [(0 1w (0 |y | 9| ==

ot [ 0 (09 o [Py L OB g [ 0w ) (00 6,4 00)] 92250

w ot 3

_w O, [g @y (g1, @] L 9Bk
St (W [ 0) (D 10,0 )]~ (1.35)

(w%m —w?

2
(midn = (U ma 0 ) + 3 7 [enmRe (012 o w2y Wi s [ 91) | B

m#n

109K,

w ot
198,
- © 1 T O (3O 1y (@] L OB
wlm [(W 8 s [ 05) (0 [ [ 0) | = Bt} (1.36)

wnmBe [(U i WD) (D [ ()] By — wlm [(@E0 [ [ 02) (0 11 0 |

2
(Oii)nn = (U105 057) + > 7

Y —— [onmBe [(01 160,510 (Wi [0) | B

m#n

1
—wlm (16, W) (0 1 [ 0)] = (1.37)

]
ot
The first term is the induced electric dipole moment, the second is the induced magnetic dipole moment and the third
term is the induced quadrupole moment of a molecule in a real oscillating electromagnetic field [20-22]. The introduction
of the traceless electric quadrupole moment Q;; = %02»]» is permissible due to the origin begin far from the external charge
distribution [20]. In order to determine the scattering properties of a medium, the observables must be averaged over all
orientations. However, for the principle of this derivation let us maintain all the terms and concern ourselves with the
isotropic averaging in the latter chapters. The induced electric-dipole, magnetic-dipole and electric quadrupole can be
condensed and written in terms of mixed polarizability tensors.

AL 0V, B

oi; OF; Gi; 0B; | 1
L +GijBj+ — L + Ak VEx + 5

i)nn = i Ej =
(i) % J+w ot w Ot 3 3 w ot

(1.38)
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BE X;j 8BJ
(my) GjiEj — ot iiBj + w Ot (1.39)
’
ij OE
(Oij)nn = Ar,ijFrx — 7:: . 76; (1.40)

where o;; is the electric dipole polarizability, x;; is the magnetic susceptibility, A; ;. is the electric dipole -quadrupole

polarizability, and G;; is the electric-magnetic dipole polarizability. These real dynamic molecular tensors are defined as

2wnm
iy =) @z, — w7y te [0 ) (W s | ) (1.41)
m#n
’ 2w
o == 2 fm, — oy (O I TN s 1) (1.42)
m#n nm
N 2wnm O, (g Oy (g © 1 ©
Gij = %: e [(q/n || T QYT [ | 0 >] (1.43)
N O, 15O (g O ()
=2 f, ™ [0 s ) (W s ) (1.44)
anm
Asge= 3 g oy Re (U w2 (w16 0 2) (1.45)
m#n nm
A== 3w oy [ I ) (2 e ) (1.46)
m#n nm
2wnm © 0y () ©
Z A(w2,, _wz)Re [<\Iln || W ) (W [ mj [ W, >] (1.47)
m#n
X == 2wy [ i 1) (1.48)
m#n nm

Note, the order of the indices must be taken under consideration as these are tensors [20], for example, Re [pip;] =
Re [p; ;] and Im [pip5] = —Im [p5405). The real electric and magnetic field are defined as E; = £ [E’jefi“’t + E; ei“’t] and
By = 4 [Bet 4 Bie].

It is convenient to present the real oscillating induced electric and magnetic multipole moments in a complex form.

The complex dynamic molecular tensors [20] are &i; = ai; — ial;, Gij = Gij — iGly, Aijrn = Aije — G}, and
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Xij = Xij — iX3; which allows us to express the complex induced oscillating electric and magnetic multipole moments as

XijBj + ... (1.49)
_l’_

The induced electric and magnetic dipole moments are responsible for CD and ORD as can be seen by the presence of
the Rosenfeld rotational strength in the mixed electric magnetic dipole tensor Géj. The future chapters will show that

the electric-dipole and quadrupole moments are responsible for the HD.

The force exerted by an electric or magnetic field on a system of charges over a time At must be averaged over the
oscillation period. This gives rise to the work from the field on a system of charge which is none other than the average
energy absorbed. Therefore, the rate of energy absorbed (I') from the electromagnetic fields by the induced multipoles

is represented by [16, 20]

. . 1,
= ((E; +m:B; + geijEi]’>t (1.50)

1.2.2 PHOTOELECTRON CIRCULAR DICHROISM

PECD has recently emerged as an effective chiroptical imaging technique with an efficiency of two to three times
larger than CD [23-25]. This chiral discrimination imaging technique operates strictly in the dipole approximation, the
underlying mechanism is an interaction between circularly polarized light and a chiral molecule resulting in a forward
and backward asymmetric Photoelectron Angular Distribution (PAD). Thus, the chiral reagent is CPL and the chiral
observable is the PAD emitted by the chiral molecule when irradiated by a laser field. The PAD is identical but opposite
in sign for both enantiomers. This forward-backwards asymmetry in the angular distribution is caused by a difference
of potential felt by the photoelectron as a function of the azimuthal angle. The chiral response is described by the
differential cross-section Ufﬁff (w) of the photoelectron emitted into a solid angle €2 for randomly orientated molecules
defined in terms of angular distribution function I(0) where 6 is the angle of emission.

do _ Otot
dQ ~ 4r ©)

(1.51)
where the angular distribution I(6) is defined as

1(0) = > b Pi(cos(0) = 1 + b P1 (cos(0) + b5 Pa(cos(9) (1.52)

=0

The angular distribution is derived from the differential cross-section for electron emission into a solid-angle 2. The

bip} bél’}

coefficients and are determined by the photoionization dynamics and are dependent on the incident field
polarization p. p = 0 represents linearly polarized light and p = £1 represents the left- and right-circularly polarized
light, respectively. P; (cosf) and P» (cosf) are the first and second order Legendre polynomials. 6 is defined as the
angle between the ejected electrons and the propagation direction of the incident light. The ionized electron exhibits

asymmetric behaviour due to momentum conservation during the photoionization process involving circularly polarized
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photon and the chiral molecules.

The enantio-selectivity is mainly due to the first order term bip}Pl (cosf) in the differential cross-section. This term
does not contribute to linearly polarized light or an achiral molecule since bio} = 0. For circularly polarized light the first
order term is anti-symmetric (b]' = fbfl) with the exchange of either the incoming polarized light or the enantiomer
leading to forward and backwards asymmetry of the PAD depicted by figure 1.7. The second order term does not give rise
to any asymmetry even for circularly polarized light because béil} =—(1/ 2)b§0}. PECD arise due to pure electric dipole
transitions, unlike conventional CD which relies on the coupling of electric and magnetic dipole transitions. Consequently,
PECD is a highly efficient gas phase chiroptical technique whereas CD requires a large number density.

The photoelectrons are emitted in a 3D Newton sphere where the electron kinetic energy is encoded in the radial
coordinate and the PAD in the angular coordinate. This imaging technique detects the 3D PAD as a 2D projection and
is reconstructed using inversion theorems. The experimental observable detects both the ions and the photoelectrons

using either Cold Target Recoil Ion Momentum Spectrometer (COLTRIMS) or Velocity map imaging (VMI).

Probe 9\

.
d% s
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Figure 1.7: Photoelectron circular dichroism technique: Schematic representation of left- and right-handed CPL
as the chiral probe interacting with a toy molecule and generating asymmetrical PAD represented by the 2D projection
[26].

1.2.2.1 MECHANISM FOR PECD

Using time-dependent perturbation theory, as done previously, we can express Fermi’s golden rule in terms of the

differential cross-section. For single photon, we use the transition rate 1.19 but restrain ourselves to the dipole moment.

d 2 2
Ry = 2 Pn(0) = S5 l(mlp - Blg) 6 (wmg —w) = 5 |(m|V]g)|*p(Er) (1.53)

Our goal is to find the differential cross-section from Fermi’s golden rule. To do so, we must find the density of states

for scattering into a solid angle df). In three-dimensional k-space, the volume element is (3—2)3, where ag is the Bohr
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radius. By treating the k-space as the continuum, we want to find the number of states in the k-space volume k*dkd()
that corresponds to energy between E and E + dE. Thus, p(E)dE = (3—2)2 k*dkdQ) and p(E) = (‘2172)3 mE Q) where

E; = h*k?/2m. The differential cross-section is related to the rate of absorption by multiplying the photon energy hw

and dividing the incident intensity [27], I = Scneo| E|*.

do Eriw 5 5 .
oo = BT = kB (s (P)le - P () (1.54)

where ag is the Bohr radius of the atom, FEp., is the photon energy, k is the wavenumber, « is the fine structure constant
in atomic units, and é is the polarization direction. This is for the dipole approximation, the result is similar to the first

Born approximation scattering amplitude, to first order the Born approximation and Fermi’s golden rule coincide.

The bound and continuum wavefunction can be written in terms of partial waves in the Spherical harmonics basis

as a product of radial (Ry;(r)) and angular (Y, (7)) state

Pi(F) = R (r)Yim (7)

) (1.55)
Yr(F) = €7 = A 500 L ile” ™ Ry (k) Vi () Vi ()

where d; is the scattering phase, the Legendre polynomial can be expressed as P;(cos(0) = 2?:1 lm:,l Yim (k) Yim (7),

the radial functions can be written as spherical Bessel functions, and the angular function are spherical harmonics.

Substituting the initial and final state into the differential cross-section leads to

2« 47rZ Z )' e Y (k)" (Rt (k)Y s (7)]@ - 7| Rt (1) Yion (7)) (1.56)

1=0 m=—1

Fnim

The incident polarization can be written as spherical harmonics, é, - 7 = \/ger (7) for linear polarization and (é; £
iéy) T =F %’W’Ylil(f) for circular polarization. Thus, the angular and radial parts can be separated. We define the
radial part as (R, (kr)|r|Rni(r)) and the angular part as (Y, (7#)|Y1(0,4+1)(7)|Yim(#)). The radial part must be solved
numerically, however, the angular part can be solved analytically. For ease of derivation, we label the full transition as

fnlm-

The differential cross-section expressed in 1.56 is written in the molecular frame. To describe PAD detected in terms
of the laboratory frame we must perform a rotational transform of 1.56 using the Wigner D-matrix which is a unitary
square rotational matrix of dimension 2j + 1, D}, (R) = (jm|e”*/= 87772 jm) where R = (a, 8,7) are Euler angles.
The angular momentum projections, v, u are defined in the molecular frame but may be transformed to the lab frame
by a rotation. This allows us to express the differential cross-section for a specific lab-frame polarization, p, and electron

detection direction, k, as

2

dQ /dR Ar Z Yew [ M,,L(R)Ym(l%)]*D;V(R)eifylm (1.57)

lmvp
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i x 167T Z Z - /eiiwliall) /dR [DLM(R)YEH(];)] D;V(R)erlzfl/lm X Dg’m’(R)}/l/M(l%) [D;V’(R)ei’fu’l/m’]*

Imvpl!m/v' !

(1.58)

where el is a spherical tensor component of the photon electric polarization vector [23]. The pairs of rotation matrix

products can be replaced by the Clebsch-Gordon series.

[DLm(R)] DY (R) = SO (=1 (0 L= k! — ) (U1 = mlkm’ —m)DY s (R) (1.59)
k

Dy (R) [Dpr (R)] = > (1P (1= p,1plj0) (1 = v/, Wljv = v') D}, (R) (1.60)

J
Only two Wigner D-matrix survive the transformation. Substituting these Clebsch-Gordon coefficients into equation

1.56 leads to

-~ o 167° Z Z Z (i)' l/ (= 1)p_”/e_i(51_6l’)5/lu(l%) v formYiru(k) [enr forvrme]” (U sl — plkp’ — )

gk Imvp Um/'v/p/

k
(U'm’, 1 — mlkm’ — m)(1 — p, 1p|50)(1 — ', lw|jv — v/ /D A(R)Dyr s —m (R)dR - (1.61)

0,v—v’

To accommodate the randomly orientated molecules, an integration over all orientation must be performed over the

(R)DE,_, . (R)AR = ((7 )/ v 8+1)6]k50 1Ot m) Using the

remaining two Wigner D-matrices, [ Dl @;

0,v—v’

Kronecker delta we can further simplify the rotational averaged differential cross-section to

do (i)' _ ,

m —v v —v 77,((5 8,1) 7 1 * g1 .
diﬂ 0(1287T Z Z 2]_’_1(71)# (71)17 ( 1) Y ( ) ufule—l’ (k) [6V’fu’l’m’] <l /‘l’7l7“|]0>

lmvpl!m'v’j

(I'm/ ;1 —m|jm’ —m)(1 — p, 1p|50)(1 — V', Ww|jv — V" V0p —pmr—m  (1.62)

We can eliminate the sum over p by representing the spherical harmonics in the form of D-rotation matrices and substi-

tuted by the Clebsch-Gordan series Vi, (k)" Yy, (k) = YEEEDEHD 1y 41+5 (17 10]j0) P; (cosf). Finally, the differential

4m

cross-section [23] is expressed as

V@I+1)20+1) ( . . o
*&327*”2 > ) (e (<) () e R0 o o) o)

27+1

l'ml/
U'm'v'j

(I'm’ ;1 —m|jm’ —m){1 — p, 1p|j0O)(1 — v/, 1v|jv — z/)ell,f,,lm [ei/fyxl/m/]* P;(c0s0)8, —pmr—m  (1.63)

The general expression of PECD, for a single photon process, given by equation 1.51 and 1.52 allows for only three
terms due to the angular momentum condition. The bf coefficients represent four inner sums and are Clebsch-Gordon
coeflicients which are obtained from the Wigner D-matrix. From the triangle condition, |j1 —j2|< j < ji+j2 = 0 < j < 2
(depicted by figure 1.8), the total angular momentum (j) is restricted to 0,1,2 limiting the number of b¥ coefficients to

three, where p is the polarization, and P;(cosf) are the associated Legendre polynomial. I(6) is the angular distribution
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and o is the total cross-section which is obtained by solving the radial portion of the transition matrix element.

The Clebsch-Gordon coefficients can be expressed as a 3j-symbol matrix which is used to determine the restriction

Jj2 73 _ (c1yii—iz—m3

on the Clebsch-Gordan coefficients, WorrEnT

(j1ma, jama|js(—ms)). There are three conditions
mi1 mao ms

to remember when dealing with the 3-j symbols:
1. mi+mes+m3=0
2. |j1—j2|<j <j1 +j2

3. j1 + j2 + j3 = odd or even integer, if even then mq = me =m3 =0

Figure 1.8: Triangle condition: Schematic representation of the triangle condition for the Clebsch-Gordon coeflicients.
J can take any discrete values within the dotted bracket.

For linear polarization p = 0, the important term is (1 — p, 1p|j0) where j cannot be odd due to the third rule
(14 1+ 7), thus j must be even. For linear polarization the angular distribution becomes I(0) = 1 + bgO)Pg(cosﬂ) for

both chiral and achiral molecules [23-25].

For CPL, p = +1, the important term is (I'0,10|j0) where j can be odd, however the sum [ + I’ + j must be even.
If j is odd, { and I" must be of opposite parity for the coefficient to exist. This restricts the existence of bgiDPl(cose)
to molecules whose states have indefinite parity, or molecules with the absence of plane symmetry. For chiral molecules
the coeflicient b(1+1) = —b(l_l) which is responsible for the forward-backward photoelectron angular distribution in PECD

[23-25].

1.2.2.2 MULTIPHOTON CASE

The concept of PECD can be extended to the multiphoton ionization where the PAD results from n-photon ionization

of chiral molecules with CPL. The differential cross-section becomes

do™ (n) Nhw 0,522 2 »
o) =Ry Tn :?ijPj(COSO) (1.64)

=0

The symmetry properties of the Clebsch-Gordan coefficients for linearly and circularly polarized light are similar to the
single photon case. That is, the odd Legendre coefficients change sign when changing the helicity or enantiomer and the

even Legendre coefficients remain equal. The difference in the angular distribution measured for left- and right-circularly
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polarized light for an enantiomer can be expressed as

Single-photon — Ircp(0) — Ircp(0) = 2§+1)(COSQ)

(1.65)

Multiphoton — I cp(0) — Ircp(0) = 3", 2570 Py 1 (cosd)

j=142j—-1

Therefore, for the multiphoton process the difference in the angular distribution contains contributions of Legendre
polynomials up to order (2n — 1). For instance, a three-photon ionization will have three coefficients, bg‘H), bg+1), and
bg+1). All will contribute to the shape of AI(f). Depending on the relative size of the odd coefficients the maxima and
minima of the function AI(f) will be found at various angles 6 which can differ from the single-photon case, where the

maximum is always at § = 0° and 6 = 180° [24].

1.2.3 CHIRAL HIGH HARMONIC GENERATION

Chiral-High Harmonic Generation (cHHG) method [28] use coherent radiation emitted as high-order harmonics of the
driving field to differentiate the handedness of the enantiomers. cHHG is an ultrafast all-optical non-resonant detection
scheme where the chiral response can be monitored on a sub-femtosecond timescale. In cHHG, the maximum harmonic
yield varies with respect to the ellipticity of the driving field and the handedness of the chiral molecule. Figure 1.9 shows
the ellipticity at which the harmonic order is maximum for epoxypropane, a chiral molecule, and a xenon, a reference
achiral atom. For a pair of enantiomers, the maximum occurs at opposite ellipticity for a similar harmonic order. For
example, at the 38th harmonic, the left-handed (right-handed) molecule is maximum for an ¢ = 1 (¢ = —1). The
maximum yield of each harmonic order is strongly influenced by the incident ellipticity and depicts a mirroring effect

between both enantiomers with respect to the linear polarization (¢ = 0).

Harmonic order
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Figure 1.9: Chiral-high harmonic generation technique Measured ellipticity dependence of HHG and time-resolved
chiral response. For each harmonic order, the corresponding ellipticity dependence is fitted with a Gaussian function,
the central position of which we call a maximizing ellipticity ¢ = 0. Ellipticity as a function of the harmonic order (top
axis) and the emission energy (bottom axis). Red and blue traces correspond to enantiomers of epoxypropane (the latter
is acquired at 1,850 nm, 3 x 103 W/ch. The grey line shows the non-chiral reference (xenon). The experimental errors
are the standard deviation and are shown as shaded areas surrounding the solid lines. [28]

For xenon atom, the Harmonic yields exhibit a symmetric Gaussian-like function as a function of ellipticity, with the
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maximum for linear polarization (¢ = 0). As ellipticity grows, the HHG yield rapidly decreases because the liberated
electron gains a lateral drift that intensifies with increasing ellipticity. At higher ellipticity, the electron does not recollide
with the parent ion. This results in the suppression of electron-hole recombination, leading to a reduction in the HHG
yield. However, the findings indicate that randomly oriented chiral molecules exhibit asymmetrical HHG yields as a
function of ellipticity, with the maximum yields localized at a non-zero ellipticity. Therefore, the HHG of a chiral

molecule exhibits elliptical dichroism.

The mechanism for cHHG can be explained by the semi-classical three step model [28-30].

1. Ionization of a chiral molecule by strong IR field in the tunneling regime defined by the Keldysh parameter v < 1
[31]. For randomly orientated molecules, the laser field will preferentially ionize a subset of them whose molecular

axes are aligned with the field.

2. Laser-induced propagation and acceleration of the ionized electron whose trajectory is influenced by the electric
and magnetic field of the light. The non-dipole Lorentz force pushes the the liberated electron outside the plane
of polarization and acts as a chiral reagent for the recollision dynamics. The maximum energy of the recolliding

electron is 3.17U, where U, is the ponderomotive energy [29, 32].

3. Recombination of the liberated electron with an excited state parent cation due to E1M1 chiral-sensitive excitation
from the remnant field during electron propagation in step 2. The excitation pathways for both enantiomers are
influenced by their selection rules. The process results in a different emission rate of higher-order harmonics for

both enantiomers only for elliptical light.

Chiral high harmonics have poor conversion efficiency due to the ellipticity effect on recollision combined with the
need to differentiate different harmonics makes it technically challenging. Therefore, in chapter 6 section 6.2, we show a

simpler version of this strong-field method by relying only on the detection of doubly charged ions.

1.24 COULOMB EXPLOSION IMAGING

Another efficient gas phase chiroptical technique is Coulomb Explosion Imaging (CEI) [33, 34]. In CEI, the molecule
is rapidly ionized by an intense laser pulse and subsequently undergoes fragmentation due to coulomb repulsion. using
a Time-Of-Flight (TOF) the time of arrival and position of each fragment is detected. From the momentum of each
fragment recorded, the molecular structure is reconstructed. For chiral molecules, the momentum vectors of the fragments
are enantio-sensitive as they are equal in magnitude but opposite in sign due to the non-symmetric behaviour of their
coulomb potential. The distinction between handedness is expressed in terms of the normalized triple product of the
momentum vectors [34].

cost = = = =
‘px| : |py X pz'

This pseudoscalar is constructed from coulomb explosion data where all three independent momenta vectors can be
expressed in terms of the heaviest fragments of the sample, denoted by (z,y, z) [33, 34]. The momentum gained in the
explosion can be retrieved by assuming classical trajectories in the spectrometer. At least three linearly independent

vectors are required to differentiate the molecular handedness. The quantity is referred to as cosf because it represents
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the angle between p, and the normal vector of the p, — p. plane, see inset in figure 1.10. Additionally, the figure

depicts clear chiral discrimination of a racemic mixture of CHBrCIF by plotting the ion counts as a function of the chiral

parameter (cosf). The discrimination is angle-dependent showing two equally populated distinct peaks mirroring each

other with respect to the center axis.

counts
11

Figure 1.10: Chiral discrimination of CHBrCIF: A histogram representation of the cosine of the chiral angle 6
shows clear identification of the left- and right-handed enantiomers of a racemic mixture of CHBrCIF. The peak at the
negative (positive) values of cosf corresponds to the S-enantiomer (R-enantiomer). A clear mirroring effect is observed

33].

This technique can identify both enantiomers in a racemic mixture and imaging the absolute configuration of a single

chiral molecule. However, it cannot be extended to complicated molecules because (i) the detection efficiency decreases

exponentially for the increasing number of fragments and (ii) reconstruction of the molecular structure may not be

possible from the kinematic properties of the fragments.
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OPTICAL PROBE AND DETECTION SCHEME

The second chapter includes both the theoretical and experimental aspects of the optical probe and the detection schemes.
The section on the optical probe describes the fundamentals of femtosecond pulses, their physical properties, and their
generation process in a Ti:Sapphire laser system. This discussion will be extended to include structured light such as LG
beams. Additionally, a distinction between symmetric and asymmetric LG beams will be presented both theoretically
and experimentally. The second section on the detection scheme will explore the details of two experimental setups: i) a
transmission setup used to measure the absorption of light for both liquid and solid samples and ii) a TOFMS used to

detect the ions and fragments produced during the interaction.

2.1 OPTICAL PROBE AND BEAM REPRESENTATION

2.1.1 PARAXIAL HELMHOLTZ WAVE EQUATION

A paraxial beam is a concept used in optics and is particularly relevant in the field of laser physics. The term “paraxial”
refers to light rays that make a small angle with the optical axis, and lie close to the axis throughout the system. This
approximation leads to a simplification of the wave equation, making it more manageable and facilitating a more direct

analysis of optical systems.

The wave equation governs all electromagnetic radiation. It is obtained from Maxwell’s equation and for free-space
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2.1. OPTICAL PROBE AND BEAM REPRESENTATION

propagation of light we get

2

)
V2E(r,t) = EOMD@E(T, t) (2.1)

~! where w is the

For an electromagnetic wave, the time variation of the field is sinusoidal of the form E(r,t) = E(r)e
angular frequency and E(r) is the complex amplitude of the wave. The substitution of this electromagnetic wave into

the wave equation results in the time-dependent reduced wave equation (Helmholtz equation)
V?E(r) + K*E(r) =0 (2.2)

where ¢ = 1/,/Eop0 is the speed of light and k = w/c = 27w/ is the optical wave number related to the optical wavelength.
For optical wave propagation, we can further reduce the Helmholtz equation to the paraxial wave equation by using the
paraxial approximation. It is based on the notion that the propagation distance for an optical wave along the z-axis is

much greater than the transverse spreading of the wave, E(r,t) = E(r, z)e!(k=*=«1)

where k. is the wave vector in the

z-propagation and E(r, z) is the transverse spatial profile of the beam where r = y/x2 + y2.

To understand the paraxial approximation concept, consider two points in space along the propagation direction z,
S = 0 as the origin and R = (r, z) are the transverse spreading at position r from the point z as shown in figure 2.1.

This creates a right-angle triangle where

|R—S|:m:z1/<1+2—z> (2.3)

N>

Figure 2.1: Paraxial approximation: Schematic of the transverse spread in (z,y) compared to the propagation
distance z.

By assuming the transverse distance to be much smaller than the longitudinal propagation distance (r << z).

Therefore, we can Taylor expand the above equation 2.3 to obtain |[R — S| = (z + % + - ) The first two terms are

82 E(r,2)
922

OE(r,z)
<< |2k 2B

considered the paraxial approximation. As a consequence, ) [35]. This inequality describes the
diffraction effects of the optical wave, E(r, z), which changes slowly with respect to propagation distance z and also with
respect to transverse variations due to the finite size of the beam. Therefore, the paraxial wave equation is

V2E(r, 2) + Qik%]é(r, z)=0 (2.4)
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2
where V2 = (88? + 83?) is the tranverse Laplacian.

2.1.2 (GAUSSIAN BEAM

To construct a beam with finite transverse extent into the z-y plane and propagating into the positive z-direction.

Consider a superposition of plane waves, the Fourier transform of the propagating field is
E(r,2) / / E(ky, ky)e (oo thovth=2) g qp. (2.5)

where E(kq, ky) is the transverse amplitude for the wave in momentum space. Apply the paraxial approximation in

. / k2+k2 .
momentum space with respect to the wave vector, k. = \/k% — k2 —kZ = ky/1 — ‘;2 Y. By assuming the transverse

distance to be much smaller than the longitudinal propagation distance (kz, ky << k), we can Taylor expand the above

equation.

k2 + k2
k’Z:k<1— 2k2y>+... (2.6)

Substituting this approximation in equation 2.5.

k2+k2

E(r, z) / / E(k., ky) (2’“ )("’We*““yydkzdkye*ikz (2.7)

This function is slowly varying in the transverse direction and satisfies the paraxial wave equation. Using a two-

. . . . e = k2 +k2
dimensional Gaussian for the transverse amplitude distribution in momentum space, E(kz, ky) = Eexp (— ( ;:2 = ) ),
T

also gives a Gaussian in real space (Fourier transform of Gaussian is Gaussian).

k2 k2 ; ;
T Z E/ / exp |: ( 2—; ) (Z+ZZR):| elkzzezkyydkzdky (28)

7rw0n

where we can extract the Rayleigh range, zr = k/k% = [35]. Carrying out the integration we obtain

b = 2 [ (222)] - e[ (5]

this is a shifted paraboloidal wave and is a solution to the paraxial Helmholtz equation because we know that the

paraboloidal wave éexp [—zk%} is a solution to the paraxial Helmholtz equation. A paraboloidal wave is the paraxial
approximation of the spherical wave when x and y are much smaller than z. Here, we can define the g-parameter as
q(z) = z 4+ izgr, a complex beam parameter which describes the Gaussian beam intensity with distance r from the optic
axis and the beam curvature of the wavefront which is spherical near the axis. Decomposing the inverse into real and

imaginary parts

1 1 _ z i zr 1 _ A (2.10)
q(z)  z+izr  22+2%  22+4+2%  R(z)  mnw?(z) '
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Substituting into our electric field 2.9 and expressing a complex number as an amplitude times a phase ——— ﬁZR =
ﬁ e = ﬁe“”@ = %eiw(z) we obtain our lowest-order Gaussian beam [36].
wo r? r?
E(r.2) = E _ T G 2.11
2= Bogoms |~ o [ie = i (g5 ) + 900 (211

Az

2
evolving beam waist is given by this hyperbolic relation w(z) = wo4/1 + ( A@) . P(z) = arctan (%) represents the
TI"LUO

complex phase shift associated with the propagation of the light and represents the Gouy phase.

2
where the electric amplitude Ey = E/zg, the wavefront curvature is described by R(z) = z [1 + (ﬂ) } and the

2.1.3 HERMITE-GAUSSIAN MODES

The Gaussian beam is not the only solution to the paraxial Helmholtz wave equation. There are sets of solutions called
modes that exhibit non-Gaussian intensities but with the same wavefront of the Gaussian beam. We start with the
Gaussian beam complex envelope derived previously

E(r,z) = %exp {ﬂ% (ﬁqz;)yQ)} (2.12)

Now we consider a Gaussian wave whose complex envelope is modulated in the z and y. For a system with rectangular

geometry, such as a laser cavity, we can try this solution with the form

0= (555) + (5t5) - atoe % (5] @19

Here g is a function of « and z, and h is a function of y and z. Substituting this ansatz in the paraxial equation 2.4

and after a considerable amount of substitution and simplification we obtain a differential equation for g, a function of

u =z /w(z), and h, a function of v = y/w(z), of the form

2 2
%g(u) - Qu%g(u) + 2mg(u) = 0 %h(v) - QU%h(v) + 2nh(v) = 0 (2.14)
These are Hermite differential equations, their solutions are Hermite polynomials Hy,(u) of order m and Hy,(v) of order

n. The differential equations are satisfied when the modulated function is described by these Hermite polynomials,

g (ﬁ) =H, (\/iﬁ) and h (ﬁ) =H, (ﬂﬁ) Therefore, the higher order Gaussian modes are given by [36]

bt (25 (555 ) 1 (oo )

X exp {zkz — ik (

,,,2

2R(z)

) Timtn+ 1)) (2.15)

where m and n are the mode numbers. Figure 2.2 depicts the transverse intensity distribution for several orders of
Hermite-Gaussian beams and illustrates the dependence of the intensity on u = v2z/w(z) and v = 2y/w(z) for
different mode numbers. The higher modes have larger widths, due to the beam waist factor and the width of the

beam is proportional to w(z) [36]. The only circularly symmetric order is the TEMgo solution which is the lowest
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Hermite-Gaussian mode given by equation 2.11.

Figure 2.2: Hermite-Gaussian modes for various order (m,n).

2.14 SYMMETRIC AND ASYMMETRIC LAGUERRE-GAUSSIAN MODES

For a system with cylindrical geometry, the modulation of the complex envelope can generate different mode shapes than
conventional Hermite-Gaussian modes. To accommodate for this change of geometry, we perform a change of coordinate
system, from rectangular geometry to cylindrical geometry, and express the Cartesian paraxial Helmholtz wave equation
2.4 in terms of cylindrical coordinates.

? 19 1 9?
o

- 0 =

Using separation of variable we can easily isolate the contribution of the polar angle ¢ given by 8%22@) +12® = 0 which
has a solution of the form ®(¢) = exp [il¢]. Therefore, the solution of the paraxial Helmholtz equation must now allow
variation of the electric field as a function of the polar angle ¢. From our above derivation we can assume a first-order

parabodoidal ansatz [36] as

E(r,¢,2) =g <$) : %exp [—2% (:r’;(t)y?) - ilgb] (2.17)

where the modulation is given by a radial function g. After considerable substitution and simplification we obtain a

paraxial equation that is reduced to a differential equation dependent on r and z.

o (o) (57 - a) 7 () - (5 ) o () = =

Here we defined o = w?(2) (;(i ) and ¢(z) is the same g-parameter as for a Gaussian beam. The solution obtained has
It

[
the shape g < (Z)) ( ‘[’") LL” ( r? ) where Ll,} ! (z) is the Laguerre polynomial, p and [ are the radial and angular

w(z) w2(z)
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mode numbers and are solution to the Laguerre differential equation.

d? d
v Ly (@) + (41— 2) o Ly () + pL ) (2) = 0 (2.19)

with p = — (% — %) — a = 8p + 4|l|. Collecting all terms we obtain the LG modes given by

E,i(r, ¢, 2) = EO% (;{Z;)ll Ll (wii)) exp [—w;‘i(zz)] exp [—ilg] exp {zkz — ik <#ZZ)> +i(Jl]+2p + 1) (2)

(2.20)

These beam profiles are circularly symmetric and are a good approximation of the helical light created by an Spatial

Light Modulator (SLM) or g-plate, see section 2.1.5 for more details. Experimentally, we generated our OAM beams

2r2
w?(z)

using g-plates with the radial index p = 0, L]‘[,l| ( ) = 1, but with increasing azimuthal index, [ = 0,1, 2, 3. Therefore,
the electric field used to mimic our experimentally generated symmetrical helical light is given in equation 2.21. Figure
2.3 depicts the transverse intensity distribution of symmetric LG beams. The top row corresponds to the beam profile
with increased azimuthal index ! and no radial index (equation 2.21), which were used experimentally, and the lower

row displays the beam profile for increasing radial and azimuthal index (equation 2.20). The increase in the topological

charge ! impacts the size of the null intensity relative to the overall size of the annular beam.

Eou(r, 6, 2) = EO% ( 2r ) : exp {—w;’—z)} exp [—ild] exp [zkz ik ( S Ri«)) + i(|l|+1)¢(z)] (2.21)

4 2 [u] 2 4 4 2 a 2 4

Figure 2.3: Symmetric Laguerre-Gaussian modes for various order (p,l). Eq(r, ¢,0) represents only the top row
which are the beam profiles used experimentally.

For the purpose of our research, we must also extend these symmetric LG modes to asymmetrical LG modes. By
introducing an asymmetrical parameter §, the null intensity can be controlled and displaced to create asymmetrical

transverse beam profiles. To do so, rewrite the polar angle ¢ of the LG modes to Cartesian coordinate, r!!lexp [£ill|gp] =

(z £ iy)", where r = /22 + y% and ¢ = tan~"(y/x).
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; 1|
rlle®e — (22 4+ ) T exp [ii|l|tan_1 (%)] (2.22)
; 1] i ;
plle®ille — (2 4 y2)%exp {—glog (1 F %)} exp {%log <1 + %)} (2.23)
; | (1
PleEille — (52 4 2)% (=) 1" _ [(z £ iy))" (2.24)

The handedness of the helical phase is by the . Thus, the transverse-electric LG (p = 0,!) mode becomes

2
Eo.(2,y,2) = Eo—" ( e

= w(z))” (&% ig)]" exp [—

w;(QZ)] exp {zkz — ik <#§z)> + w(z)} (2.25)

Now, we can introduce the asymmetrical parameter to displace the singularity and generate asymmetric Laguerre-
Gaussian (aLG) beams. Let the beam singularity be shifted by zo = ¢J along the x-coordinate and yo = nd along the
y-coordinate, where § is the displacement of singularity that can take negative and positive values and 7, { are used to
displace the singularity anywhere in the x-y plane and are values between 0 and 1. If we consider the singularity arbi-
trarily in the first quadrant, [((z + zo) £ i(y + v0))]'"! = [(z £ ind) £ i (y T i¢6)]"!, then the aLG beam in the Cartesian

coordinates is

)”[(wiiné)ii(yﬂFiCS)]”eXp - - ]

Eo,(z,y,2) = Eo 02(2)

5 (50

1"2

X exp {zkz —ik (T(z)) + zw(z)} (2.26)
This only introduces an asymmetry in the angular portion of the LG mode. One can also introduce the asymmetry in
the radial portion of the mode by inserting the asymmetrical parameter in the Laguerre polynomial, however, this will
only be useful when dealing with (p # 0,1) modes. When the asymmetrical parameter is set to zero (§ = 0) we obtain
the symmetric LG beam and when the angular index is set to zero (I = 0) the beam reverts back to the lowest order
Hermite-Gaussian mode. The left- and right-handed asymmetrical helical light for arbitrary polarization at the focal

spot is represented by

EI($7 Y, 0) = au?i),l) ($7 Y, 0)

(2.27)
E'y (1'7 Y, 0) = ilﬂu?(:)yl) (l’, Y, 0)

where o and 3 are the polarization factors and are normalized such that |a|>+|3]?= 1 and the transverse profile is defined

by

V2

wo

)” [(z % ind) + i (y T i¢)]" exp [—;—22} (2.28)

uh o (2,9,0) = Bo (
[0]

As we displace our singularity, the beam does not shift and the average cross-sectional power remains unchanged.
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This above beam mimics the experimental transverse beam profile behaviour at the focal spot. For [=1, the nor-

malized amplitude was obtained by integrating the intensity over all space (-oo to + oo0) and is given by Ey =

2P, 1
Twg /(a2+82)(2(6/w0)2(C2+n2)+1)

, where Pp is the total power of the beam.

For tight focusing the longitudinal component of the beam can no longer be ignored. The longitudinal component of

the aLLG beam is chosen to ensure that the divergence of the total field is zero [37].

0 ., 0 0
i 0 ., 0
Ez = E OC%EZ ilﬁ@Ey (2.30)
; oy [wo [(z £ ind) £ (y Fi¢d)] + 2 + ikz
E.(z,y,2) = + ,4,0) — = (az + 4,0 2.31
(1,2) = i | (o) T ot LR 0, 0) = o 89) i 9,0) (231)

where u?f) l)(x,y,O) is the transverse-electric aLG beam given by equation 2.28. Moreover, the magnetic field can be

obtain from B(z,y,2) = 2 x E(x,y, z) and recalling the amplitude to be By = Ey/c.

Bu(z,y,0) = Fibu , (x,y,0)

By(fL’,y,O) = OC’U/E%YZ)(ZB,’LI/,O) (232)
. . wo[(zE£ind)Fe e ikz
B.(x,y,2) = if& [(a +i3) Meolleb g DEWESILE ) (2,,0) — & (ay — Ba) ufy ) (. y, 0>] et

It may also be useful to express the alLG beam in cylindrical coordinates for symmetry properties. We first begin
with the aLG beam in Cartesian coordinates and group the translation terms (zo = (d,yo = nd) together and the (z,y)
coordinates together.

wh (@,9,0) = Eo (Q) o (Qw—) (@ = i) + 6 (C % i) exp [—w—} (2.33)

Wo 0 0

Using our above identity, rexp(+i¢) = (x £ iy), to convert from cylindrical to Cartesian coordinates. We can extend this
identity to the translation terms we can write the translation values (asymmetrical parameter) as Rsexp(£i0) = (¢ £in)
where Rs = /¢2 +n?2 and 0 = tan~'(n/¢). Finally, the asymmetrical LG beam in cylindrical coordinates has the form.

u {2r? r2
L <1Tg) exp {_W (2.34)

0

+ _ i [ V2 (oo +i6
uo (1, 9,0) = Eo [wo (Te + 6Re )}

The signs in front of the ¢ represent the handedness of the OAM value while the sign in front of 6 represents the direction
of the singularity displacement (positive to negative quadrant or vice versa). Figure 2.4 depicts the transverse intensity
profile for an asymmetrical LG mode. The first row mimics our experimental beams where the asymmetry is introduced
in the angular portion of the LG beam since the radial index is set to zero, while the second row expresses the asymmetry

in both the angular and radial portion of the LG beam.

Figure 2.5 a) shows the phase profile of a Gaussian and a symmetric LG beam. The wavefront for the Gaussian
beam is in phase, however, with the presence of a helical phase there is a 27 phase change of the wavefront on any closed

path around the propagation axis. For large topological charge, one round trip around the phase surface leads to the
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4 2 [u] 2 4 4 2 a 2 4

Figure 2.4: Asymmetric Laguerre-Gaussian modes for various order of (p,1). Eg;(r, ¢,0) represents only the top
row which are the beam profiles used experimentally

next coil with a helical pitch of [\, where X is the wavelength of light and [ is the topological charge [38]. Therefore,
as the azimuthal index increases, the number of intertwined rotations is increased. The Gaussian beam propagates as
a series of planar wavefronts while the wavefront of the symmetric LG beam rotates about the center axis creating a
corkscrew pattern, see figure 2.5 b). Consequently, the energy density from the Poynting vector creates a spiral about
the center axis of the beam where the maximum intensity is located off-axis and spreads over a larger area. Moreover,
the handedness of the corkscrew is determined by the sign of the azimuthal index, with a positive (negative) topological

charge [ having a clockwise (counter-clockwise) rotating wavefront [38].

For aLLG beams, the chiral nature of the wavefront is asymmetric due to the shift of the singularity, see figure 2.5
¢). Additionally, the off-axis maximum intensity is increased compared to the symmetric case when the beam power
remains identical, see figure 2.5 d). Therefore, the two basic elements that define a chiral probe, the helical pitch and
the field strength, can be controlled using asymmetrical helical light and directly influence the chiral interaction. The
topological charge controls the handedness and the helical pitch while the displacement of singularity increases the peak

field strength.

2.1.5 GENERATING STRUCTURED LIGHT

There are many different ways to generate optical OAM beams using i) a Spiral Phase Plate (SPP), a transparent piece
of glass with increasing thickness as a function of azimuthal angle (0 to 27). ii) Diffraction grating with fork hologram in
which an incident Gaussian beam encounters a diffraction grating with a pitch-fork pattern results in several diffraction
orders. Each transmitted order carries additional phases, which cause alterations in their wavefront. The Oam value
is determined by the dislocation at the center of the grating. iii) Q-plate technique, based on spin-orbit coupling when
propagating through a liquid crystal phase plate. The OAM sign is controlled by the incident polarization. iv) Liquid
crystal SLM, essentially a hybrid technique which allows full spatial control over the phase either in transmission of
reflective geometry. v) Cylindrical mode converters, that convert Hermite-Gaussian beams to LG beams by introducing
a phase between the horizontal and vertical polarization by using cylindrical lenses. The section below will concentrate

on SPP and g-plates.
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Figure 2.5: Beam propagation: a) (c)) display the phase profile for | = 0,+1,42 for a Gaussian and symmetric
(asymmetric) LG beam. b) (d)) depicts the propagation and intensity profile for symmetrical (asymmetrical) beams.
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2.1.5.1 SPIRAL PHASE PLATE

SPP is a transparent plate of refractive index n, whose thickness increases proportionally to the azimuthal angle ¢ around

a center point of the plate.
h=ho+ 2 h, (2.35)
s

where hg is the base height of the optic and h, is the step size height increase [39]. When an incident beam, with a

M resulting in

planar wavefront, transmits through the SPP, the helical surface imprint a vortex charge of ¢ =
a rotating wavefront illustrated by figure 2.6. A detailed calculation of the inner working of the SPP would necessitate
the use of vector diffraction theory. Nonetheless, when dealing with beams of minimal divergence and with a small step

height, we stay within the paraxial domain. In this context, the plate’s function can be viewed as solely influencing the

phase.

When light propagates through a medium of thickness ho with an index of refraction n (assuming a homogeneous
distribution of the refractive index) it acquires a phase delay #(w) = 2OPL compared to free-space propagation, given
by E(r, z;t) = Eo(r)e!**=«9 1) " This additional phase is the result of frequencies having different OPL than in
free space, then OPL = foho n(s)ds = nho [36]. Then the light transmitted through the medium will gain an extra phase
term compared to the incident light.

Eoei(kz—wt) e—i% (nho)

Eoei(szwt)

= ¢! (nho) (2.36)
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Figure 2.6: Spiral phase plate converts an Gaussian beam (I = 0) into a symmetric LG beam (I = 1). Transverse
profiles are shown on the right, where the dark red (dark blue) represents the maximum (minimum) intensity values [40].

Now, instead of a rectangular medium consider the light transmitting through an SPP with thickness h and with the same
index of refraction n. If the incident beam is described by the complex amplitude u(z,y), then when light propagates
through the variable thickness of the medium, a portion of the wavefront of light will travel through no and the other

through n. The resulting light will have a rotating wavefront and carry OAM per photon equal to gh.

w
enh h

T u(z,y, z;t)e ‘e — pi%nho i (n—no)é (2.37)
u(z,y, 2;t)

Therefore, the configuration of the SPP yields an azimuthal-dependent optical phase delay.

0(¢, A) = 27” (W + nho) (2.38)

where the extra phase term results from the varying thickness of the SPP. The vortex charge that such a device imprints

on an optical beam can be tuned by modifying either the optical step height hsAn or the optical wavelength .

2.1.5.2 Q-PLATES

OAM light can also be generated using a passive Liquid Crystal (LC) optical element called g-plate. The g-plate
is essentially a thin film nematic LC cell sandwiched between two indium-tin-oxide coated glass [41, 42]. LCs are
anisotropic, hence birefringent liquids, with a specific molecular orientation defined by the molecular director 1 =
(sinfcosa, sinfsing, cosf). Thus, the LC show an azimuthal pattern with respect to the center of the g-plate. Contrary
to conventional LC cells, which exhibit a consistent director throughout the plate, a g-plate possesses a distinct azimuthal

pattern of n within the cell plane. This pattern is defined in relation to a central point, which is considered the origin of

37



2.1. OPTICAL PROBE AND BEAM REPRESENTATION

the coordinate system. In the cell plane, the angle a within the molecular director is a function of the azimuthal angle
¢, defined by a(¢) = q¢ + ap, where q is the topological charge and ag is the angle of the LC director on the reference
line [43].

The g-plate is fabricated using a photo-alignment technique which consists of a combination of a polarizer, a cylindrical
lens, and two indiumtin oxide (ITO)-coated glass used as the substrate for the LC cell (see figure 2.7) [43-46]. Each glass
is spin-coated with a photosensitive solution (sulphonic azo dye). The polarizer and glass cell are placed on a motorized
angular rotational stage with angular speeds pf w, and w.. This allows the high-frequency incident light to scan the
entire plate and generate a distinct angular pattern on the azo dye layer. The cylindrical lens focuses the polarized
light narrowly in one dimension versus the other selecting a narrow angular area on the cell. The ratio of the angular
rotations of the polarizer and the cell determines the g-value, given by ¢ = 1 + wp/w.. The signs correspond to the
rotation direction of the polarizer and LC cell if positive (negative) both rotate in the same (opposite) directions [43].
This technique allows for the fabrication of any integer, half-integer, positive or negative value for the topological charge,
q. The photo-alignment procedure enables the inscription of any pattern on the plate, provided it possesses azimuthal

cylindrical symmetry.

Figure 2.7: g-plate fabrication is typically performed using a photo-alignment setup. The polarizer and LC cell are
mounted on a rotational stage with independent-angular frequencies while the cylinder is fixed in space [43].

To understand the operating principles of a g-plate on the optical field, it is convenient to adopt a Jones formalism.

The Jones matrix for a g-plate is as follows [43, 47]:

M, = R(—a)HW P(6)R(«) (2.39)

Where R is a 2 x 2 rotational matrix and HWP is the Jone matrix for a half-wave plate, assuming the fast axis 6 with
respect to the horizontal axis is zero.
1 0 cos(2a)  sin(2a)
M, = R(—a) R(a) = M, = (2.40)
0 -1 sin(2a) —cos(2a)
This is the Jone matrix for a g-plate which is used to determine the transmitted structure of the beam. When an
incident circularly polarized Gaussian beam propagates through the g-plate, it acquires an OAM defined by | = +2q.
This is known as spin-to-OAM conversion. This is depicted by figure 2.8 where the RHC and LHC polarized Gaussian

beam determine the handedness of the helical light. Experimentally, we can measure the efficiency of the conversion
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process. To do this we first, transform the linear polarization to circular polarization using a first quarter-wave plate,
then imprint OAM onto the CPL by using a g-plate, and then revert back the polarization to linear using a second
quarter-wave plate. Lastly, we use a polarizer to split the output into two channels and measure the light intensity of

both channels to quantify the amount of converted to non-converted light [43].

V) —» QWP(+45) EHT% Q-plate 5 QWP(45) — LP % (2.41)

If the conversion efficiency is not 100%, as is often the case, the transmitted light will consist of a superposition of
Gaussian and LG beams. That is, a portion of the incident Gaussian will be transmitted unaffected and the other part

will convert to OAM.

Figure 2.8: ¢-plate with topological charge [=2. A g-plate converts RHC (LHC) polarized Gaussian beam to an
OAM beam —2% (42#). This image was created by Dr. Ebrahim Karimi.

2.1.5.3 OAM AND SAM STATES OF LIGHT

Light can carry both Spin Angular Momentum (SAM) and OAM. The former is described by the dynamical rotation
of the electric field vector around the propagation direction, (s = £h) and the latter is associated with the dynamical
rotation of the wavefront structure, the twisting of the wavefront undergoing | intertwined rotations in one wavelength,
+lh. Using OAM results in an additional degree of freedom to influence the characteristics of light-matter interaction.

The total angular momentum of an electromagnetic field can be split into the two forms of rotation via

J= /r x (e0E x B)d’r = /soEi(r x V)A¢d3r+/soE x Ad’r (2.42)

L S

where i-subscript denotes the Cartesian vector components, €¢ is the vacuum permittivity, E is the electric field, B is
the magnetic field, and A is the vector potential. However, the splitting is gauge-dependent due to the vector potential.

Nonetheless, it gives a good general idea of the light’s SAM and OAM.

Using the notion of SAM and OAM we will describe the polarization state and angular momentum of the structured
light used experimentally. According to our setup, the incident polarization onto the optical setup is vertically polarized

light.

V) —» QWP(+45) fL{HT% Q-plate 5> QWP(45) — QWP(6) (2.43)
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Vertically polarized light incident onto the first Quarter-Wave Plate (QWP) generates left-CPL (Right-CPL) if the angle
of incidence is 45° (-45°) with respect to the horizontal axis. Experimentally, the transmitted light has an ellipticity
between 90 — 95% therefore the major and minor axes are not identical. We must take this into account by introducing
two variables @ and 8 (such that |a|® 4+ |8]* = 1) which are used to vary the ellipticity of the transmitted light that is
subsequently incident on the g-plate. Depending on the conversion efficiency of the g¢-plate, a portion of the light will
remain unchanged and the other will acquire an [-value with opposite polarization due to the retardance of 7 radians.
The ratio of Gaussian to LG is determined by the retardation angle £&. The second QWP was used to generate linearly
polarized superimposed Gaussian and OAM beams. The third QWP could be used to produce the desired ellipticities.
To determine the polarization state after each optics we will implement the Jones matrices convention for QWP(#) and
HWP(6) where 6 is the angle with respect to the horizontal axis [36, 48]. We can define the operation of the g-plate
by means of a unitary operator Mg [43, 47]. The handedness of the helical light is determined by the incident circular

polarization on the g¢-plate.

My|LHC) = cos () |LHC) + dsin (§) [RHC)e"? o
Mq|RHC) = cos (%) |IRHC) + isin (%) |LHC)e~? '

The portion of the light that acquires an [-value also gains a 7 phase shift between polarization components i.e. the
g-plate acts like a HWP with respect to the incident polarization. The output unit vectors of the electromagnetic field
can be determined via Jones matrix multiplication of the second and third QWP. By introducing the spatial components

of the incident light we can express the electric field for both helicities as

Ex 1 o _ix . B +
= —= |cos (5/2) e 2 Ug(:L’,y,Z) + sin (6/2) Ug (3372/,2) (245)
E, V2 iB —ia
I+
The magnetic field can be obtained via the relation B(z,y, z) = 2 x E(z, v, 2).
By 1 Bl _ix . a)
= — |cos(£/2) e Tug(z,y, z) +sin (£/2) ug (2,9, 2) (2.46)
By V2 i B

I+

These were our OAM and SAM states of light used experimentally. These expressions give us a good understanding

of the beam structure at the interaction region.
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2.2 EXPERIMENTAL SETUP AND DETECTION SCHEME

2.2.1 TEMPORAL AND SPECTRAL PULSE REPRESENTATION

A pulse of light is described by an optical field of finite time duration. It is convenient to describe a near-infrared (NIR)
driving field in the time and frequency domain. For simplicity, consider the one-dimensional case and assume that the
NIR laser is a monochromatic light and linearly polarized in the x-direction. The real-valued electric field of a light pulse

E(t) with central frequency wo is
1\2
E(t) = Eoe (%) cos(wot + ¢(t)) (2.47)

where Ej is the amplitude, wo = 27/Tp is the central frequency and 7 is the 1/e-width of the pulse, respectively. Now
it is useful to represent the pulse in the frequency domain because experimentally the power spectrum is most easily
measured through a grating spectrometer, or it can also be converted into electrons and measured by a time-of-flight

spectrometer. In the frequency domain, w = 27v. The Fourier transform E(w) = F[E(t)].

Ew)=F[EQMX)]=F {Eoe_%] * F [cos(wot + ¢(1))]
E(w) =FlE®)] = EoﬁTe_# * (5 (w + wo) € ) 4§ (w — wo) e‘i¢(w)) (2.48)

E _ 2 (wtw)? —ip(wtwo) _ P w—wg)? —ip(w—wp)
Ew)=F[E®)])==22 (e 3 e o +e e e °

1
2

2

where we made use of the Fourier transform scaling and the convolution theorem, and Fy = Eo/mT. For a real
field we have E* (w) = E(—w). It is therefore redundant to keep all the definitions of the field since the negative-
frequency component contains the same information as the positive-frequency component. We can neglect the negative
frequencies by using a Heaviside function, € (w) = 2H(w)E (w) = Epexp (—%2 (w— wo)Q) exp (—i¢(w — wo)), where
E(t) = F'€(w)] and is a complex amplitude. We do not lose any information by considering only the positive
frequencies. This is graphically depicted in figure 2.9, where we can reconstruct the initial pulse via the inverse Fourier

transform of the positive frequencies.

Re[£(t)] = 3 [E(t) + €7 (1)]
Re[£(t)] = 3 F ' [E(w) + £ (—w)] (2.49)
FHHW)E(W) + H(—w)E* (~w)]

=]
2,
)
=
I

where 1 — H(w) = H(—w)

Rel€(1)] = F ' [H(w)E(w) + (1 — H(w))E(w)]

Rel[€(t)] = 3F " [H(w)E(w) + (1 — H(w))E(w)] (2.50)
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2 jiwgt 2
where E(t) = Eoe~(F)7¢™°" and E(t) = Eoe= (%) cos(wot). We can also center the pulse spectrum on the frequency w

instead of zero. The commonly used complex frequency-domain pulse field is
E(w) = V/S(w)e "¢« (2.51)

Imie(w)] )

where the spectrum is S(w) = |£(w)|? and the spectral phase is ¢(w) = —arctan (Re[s(m]

E© E(w) &) Rel£(0)]

F x 2H(w) Fl
— — t —> — < > — .
- - - w - w

Figure 2.9: Frequency and Time domain: A graphical representation of the driving laser field in time and frequency
domain. It demonstrates the real component of the electric field can be obtained through a product with a Heaviside
function in the frequency domain. By considering only the positive frequencies we obtain Re[€ (t)].

The broader the bandwidth in the frequency domain, the shorter the 7 of the pulse in the time domain. Large
bandwidths are required to support femtosecond or attosecond pulses. For example, to support a 40 fs pulse it requires
a supporting bandwidth of 11 THz. The bandwidth can be calculated from the time-bandwidth product of a transform-

limited Gaussian and is shown in figure 2.10. This relation is derivable through the Fourier transform of a transform-

limited Gaussian pulse in the time domain

t

B(w) = FIEW)] = FlFoe ™ (77) ] = Boy/mre ™" (2.52)

and by finding the FWHM for |E(t)|> and |E(v)|>. The 7 is for the 1/e-half-width and can be converted to FWHM by

Tije = T%”. Solving for ¢ and v we can obtain the width defined as At = {/21n (2)7 and Av = ¥ 27:(2). Thus, the

product of the FHWM in the time and frequency domain given by the relation

AtAy — 2In(2)

=0.44 (2.53)

This is the fundamental relationship between the laser pulse duration width (At) and bandwidth (Av). The frequency

bandwidth can be converted to wavelength range via the derivative of the relation between frequency and wavelength.

iﬂ_g:}AyziA)\ (2.54)

C
YEXT T A 22

2.2.2 TI:SAPPHIRE LASER SYSTEM

Titanium-Sapphire (Ti:Sapphire) laser is a solid-state laser that uses a Ti:Sapphire crystal as its lasing medium. The
Ti:sapphire crystal is produced by introducing T20s into a melt of AlyOs, where T33F (titanium) ions replace a small
percentage of the AI*" (aluminium) ions. A boule of material is then grown from this melt. The T%*" ion is responsible
for the lasing action in Ti:Sapphire. The electronic ground state of the T4 jon is split into a pair of vibrationally

broaden levels [49]. The absorption transitions occur between 400 to 600nm. The pump laser provides the initial energy
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Time Domain E(r) Frequency Domain E(f)
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Figure 2.10: Time-bandwidth product: Graphical example of the time-bandwidth product for Gaussian beams.
Demonstrates that a femtosecond must contain a broad spectrum to allow a short temporal pulse.

needed to excite the 73" and create population inversion in the crystal triggering a chain reaction of photon emission
through stimulated emission. The strongest absorption is near the wavelength 532nm, therefore a green continuous wave
green laser is commonly used.

Fluorescence transitions occur from the lower vibrational levels of the excited state to the upper vibrational levels
of the ground state. The resulting emission and absorption spectra are shown in figure 2.11. Although the fluorescence
band extends from wavelengths as short as 600 nm to wavelengths greater than 1000 nm, lasing action is only possible at
wavelengths longer than 670 nm because the long wavelength side of the absorption band overlaps the short wavelength
end of the fluorescence spectrum [49]. Nevertheless, Ti:Sapphire possesses a broad continuous wavelength tuning range.

This broad tuning range allows Ti:Sapphire lasers to produce and amplify optical pulses of extremely short duration.

1.0
B Absorption Emission
z
=
£ .54
&
£
=
0 L I T I T I T I L] I L l
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.11: Absorption and emission spectra of Ti:Sapphire. Depicts the emission and absorption spectral
range for a Ti:Sapphire crystal [49].

The Tsunami Ti:Sapphire is an ultrafast oscillator that delivers a range of wavelength and pulse width from 720nm

to 1080nm and from picosecond to ~ 100 fs. The typical tsunami output laser parameter obtained experimentally was a
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TEMogo mode with 2mm 1/e* beam diameter, an average power of ~ 400mW at 800nm, with a repetition rate of ~ 8OMHz
when pumped by a continuous wave diode-pumped solid-state laser (Millenia Pro) with a 15W power at 532nm.

To increase the peak power of the Tsunami output pulse, the laser system was used in combination with a Spectra-
physics Spitfire regenerative amplifier (800nm, 1kHz, ~ 40fs, ~ 2.5mJ). See figure 2.12 for a schematic of the Spitfire
laser system. The maximum output energy of a solid-state amplifier is normally limited by the optical damage threshold
of the crystalline material used in the system. To generate a high-power optical pulse, the spitfire regenerative amplifier
uses the chirped pulse amplification (CPA) technique [50]. The incoming seed pulse is temporally stretched to reduce the
peak power by a multi-pass grating and mirror combination. Then, amplified by a Ti:Sapphire gain medium with the help
of a high-power pulsed green solid-state pump laser. The Empower laser system is a Q-switched Nd:YLF laser capable
of delivering an average output power of 30W near 527nm at a repetition rate of 1kHz to 10kHz. The synchronization
and delay generator provides the control to select and capture the pulses from the train of stretched Tsunami pulses
and direct them into the amplifier cavity. The selected pulses trapped in a laser resonator pass multiple times through
the gain medium to extract all of the energy stored in the amplification medium. It then provides the timing control to
direct the amplified pulse to the compressor to temporally compress the pulses to a femtosecond duration. This method

allows for increased peak power while avoiding any nonlinear optical damage to the gain medium.

Tsunami Empower

(Oscillator) (Pump Laser)

Spitfire Amplifier  / /\
/\ ! Regenerative

P | Stretcher | =—pp = | COMPreSSOor | )
Amplifier

A A

Synchronization &

Delay Generator

Figure 2.12: Schematic of the femtosecond laser system demonstrating CPA in a regenerative amplifier.

2.2.3 MODE-LOCKING

A broadband femtosecond laser such as Ti:Sapphire laser produces a train of short laser pulses, in the time domain.
The most common method of passive mode-locking is the Kerr-lens mode locking, which is a nonlinear phenomenon. By
placing a nonlinear crystal in the cavity it creates low-loss for high intensities and high-losses for low intensity. Thus, only
the high-intensity modes get amplified by the gain medium. As the high-intensity light propagates through the nonlinear
crystal it leads to a refractive index gradient, similar to a lens. The Kerr effect can be understood by n = ng+n21, where

no is the initial refractive index of the material, nsy is the intensity-dependent refractive index, and I is the intensity of
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the light. This change in the refractive index only allows the high-intensity light to penetrate a pinhole inside the cavity,
as it is focused by the change of the refractive index. Hence, the high-intensity light gets amplified while the low intensity
dies out due to its low degree of focusing and is blocked by the same pinhole. The remaining modes in the cavity are
locked in phase together, allowing constructive interference to generate a single pulse, in time, inside the cavity. This
pulse has a carrier frequency w. and circulates in the laser cavity with length L, it gets amplified every time it passes
through the gain medium. The output of the laser is a train of pulses, essentially replicas of the oscillating pulse. The
output pulses are separated by the repetition time or round-trip time, given by 7" = ;—Z = w%, where vy is the cavity’s
mean group velocity and is defined by the round-trip time of the cavity and w, represents the repetition rate or repetition
frequency. The output pulses are in reality not identical, the carrier frequency shifts with respect to the pulse envelop
E(t) every round trip by A¢. The carrier and envelop phase continuously change as the wave packet propagates through
the dispersive medium of the cavity. Thus, the difference between the group and phase velocity generates this phase shift
A¢. The propagation of a single pulse can be represented as E(t, z) = i ffooo E (w) et dwe*(“)* where the Fourier
transform is defined as F (w) = ffooo E (t) e”™'dt. By expansion the frequency-dependent propagation vector in terms of

1 1

the phase and group velocity we can identify the added phase shift A¢ the output pulse gains A¢ = wo (— - —) z =20

vy vp
where wo is the offset frequency and w, the repetition rate [51].

In our Ti:Sapphire system we also implement active mode locking, the periodic modulation of the resonator losses
or of the round-trip phase change. We have an acoustic-optic modulator inside the laser cavity to generate a train of
pulses, see figure 2.13 for visualizing the pulse emission of an acoustic-optic modulator. We set up a standing wave in
the Bragg cell with an angular frequency 2, the diffraction from the Bragg cell causes a loss inside the cavity. The loss
is periodic and is only lossless for a short interval of time. Modes with random phases will experience high loss and
will not amplify inside the cavity. Only modes whose phases match the modulator phase will be allowed to grow and
produce laser output. All modes that survive evolve simultaneously in the cavity. The output is a train of pulse in the

time domain.

Acousto-Optic Modulator
)

|

M_Uw»www o+ 4

Figure 2.13: Acoustic-optics modulator inside a laser cavity of length L will generate pulses every round-trip of the
cavity.

The acoustic-optic effect is based on the change in the refractive index of a medium due to the presence of sound
waves. Sound waves cause molecular vibrations which alter the medium optical polarizability, acoustic waves perturb
the refractive index in a wave-like manner. This creates a refractive index grating in the material that can be used to
diffract light. When acoustic waves travel through a medium this causes strain S(z,t) = Spcos(QUt — kqz), where Sp is
the amplitude and k, is the acoustic wavenumber, in the direction of propagation [36]. The strain causes a sinusoidal

perturbation in the optical medium density, altering the refractive index. The medium has a time-varying inhomogeneous

45



2.2. EXPERIMENTAL SETUP AND DETECTION SCHEME

refractive index in the form of a wave, An(z,t) = — % pn®S(z,t), where p is the photoelastic constant and n is the refractive
index. The negative sign indicates that positive strain leads to a reduction in the refractive index, n(z,t) = n — An(z,t)
[36].

Acoustic modulators provide a powerful means to control the frequency, direction, and intensity of a laser beam. The
acoustic frequency is much less than the optical frequencies, thus the variation in the index of refraction is relatively slow
compared to the optical period. The medium can be treated in the static inhomogeneous medium (adiabatic approach).
The acoustic wave propagating in the optical medium can be considered as a sequence of partially reflecting mirrors with
separation of the acoustic wavelength and with velocity of sound. In order to have a transition there must be constructive

interference between the reflected waves.

2.2.4 PULSE STRETCHER AND COMPRESSOR

A chirped pulse is a frequency-modulated pulse where its instantaneous frequency (winst(t) = wo — ‘2—‘?) is time-varying.

If the winst (t) increases linearly with time, it is a positively chirped pulse and if the wins¢ () decreases linearly with time,

the pulse is negatively chirped (see figure 2.14). We can write a linearly chirped Gaussian pulse mathematically as

—(t)? .
E(t)=  Epe () exp |i wot 4 Bt (2.55)
Gaussian amplitude carrier wave chirp
Unchirped pulse Negative chirped pulse Positive chirped pulse
a) b) 4 ped p! C)
d*p d’¢
Zw? <° @
E(t) E(t) E(t)

+
~

il
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|

w(t)

@p [sannanannsnannnnsfianannsnannnnnnn

0 d¢ 0 L
do do

Figure 2.14: Chirped pulse: Graphical representation of a) transform limited pulse, b) negative chirped pulse, and
c¢) positive chirped pulse.

Group-Velocity Dispersion (GVD) is used to describe how a medium affects the duration of an optical pulse after
propagation. The phase gain due to a medium is ¢(w) = n(w)koL = k(w)L, where n(w) is the frequency-dependent

index of refraction, ko is the vacuum wave vector and L is the length of the medium. To account for dispersion, we can
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Taylor expand the wave vector.

dk 1 d’k
k(w)L = k(wo)L + () L(w—wo) + = 4 k(w) L (w—wo)®+.. (2.56)
N—— dw w 2 dw? w
phase delay N ,—/0 _;—/0
group delay group delay dispersion

We can define the three quantities as k(wo) = wo /v, where vy, is the phase velocity, %(:)’ = 1/v4 is the group velocity,
wo

d?k(w) _d (1)
and TE| = (i) is the GVD [51].

Assume a broadband optical pulse incident on a diffraction grating, the pulse will undergo angular dispersion resulting
in a different optical path length OPL (w) for different frequencies. Moreover, the phase delay for different frequencies,
¢ (w), is related to the optical path length in terms of ¢ (w) = 2OPL (w). Different spectral components originate from
the grating under different angles which results in a cone shape spread. In the diagram of figure 2.15, wg represent the
central frequency while w is an arbitrary frequency within the original optical pulse. The dotted lines are the wavefronts
of these frequencies. Wavefronts are surfaces of constant OPL from the initial dispersion point. The angle representing
the frequency spread is a frequency-dependent angle 6 (w). Each frequency within the initial pulse can be described
by the central frequency and the frequency-dependent angle. In our setup, region (1) contains a grating and a convex
aberration-free lens separated by L, where L can take a value greater, or smaller, or equal to the focal length f of the
lenses. Aberration-free lenses do not cause any spread of light i.e. no dispersion when light propagates through it. The
optical path length of the central frequency is OPL (wo) = L while for the arbitrary frequency it is OPL(w) = Lcos(6(w)),

we can express the phase delay for an arbitrary frequency as ¢1 (w) = £ Lcos (0 (w)). By differentiating the phase delay

c

of an arbitrary frequency twice and evaluating it at the central frequency wo we obtain the Group Delay Dispersion

) (2.57)

(GDD)= L2 | of region (1) [51].
wo

_ dP¢1 (w)

c dw

_wo (d&(w)

wo

The term %’ represents the angular dispersion. Notice that the dispersion parameter is always negative in-
wo
dependent of the sign of dfi(:’) , and increases as L is increased. Therefore, angular dispersion yields negative GDD
wo

resulting in a negatively chirped pulse.

Once the incident plane wave propagates through the lens, it becomes a spherical wave converging to a focal plane.

The phase delay of the spherical wave in the region (2) is given by ¢ (w) = %fﬁ(w) [51]. The GDD in region (2) is

2
d*¢2 (w) wo do (w)
GDD = ————~ o — 2.58
dw? c ! dw ( )
wo wo
Once more, the term d‘i(;) represents the angular dispersion. Notice that this time the dispersion parameter is always

wo

positive independent of the sign of %

wo

The 4f configuration consists of a pair of confocal lenses and identical gratings (see figure 2.15). One grating is placed
in the front focal plane of the first lens, and the other in the back focal plane of the second lens. The black lines describe
the pulse path for an arbitrary frequency w and the central frequency wg. By varying the distance between the second

lens and the second grating you can control the GDD of the outgoing pulse.
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Figure 2.15: 4f system used as pulse stretcher or compressor Schematic of pulse stretcher and compressor.
By displacing the second grating, G2, at a distance smaller than the focal point of the second lens, Lo, the 4f system
stretches the pulse, (GDD > 0). The gray grating shows how this setup can be altered to compress a pulse (GDD < 0)
by displacing the G2, further than the focal point of the Ls. Both a stretcher and compressor are used in chirp pulse
amplification.

i) If the grating is placed further than the focal length of the lens, L > f = GDD < 0, we obtain a negative dispersion
(negatively chirped). That is, the lower frequency components of the pulse are delayed, and the blue frequencies travel
less than the red frequencies, resulting in a compression of the pulse. In this scenario, our setup acts like a compressor,
similar to a pair of parallel gratings (Treacy grating pair). ii) If the grating is placed closer than the focal length of
the lens, L < f = GDD > 0, which means we obtain a positive dispersion (positively chirped). That is, the higher
frequencies of the pulse are delayed, and the blue frequencies travel further than the red frequencies resulting in a

stretching of the pulse. In this scenario, our setup acts like a stretcher.

These are the inner workings of a chirp pulse amplification in a Ti:Sapphire femtosecond laser. An incident broadband
femtosecond pulse from a tsunami gets stretched by the stretcher to a picosecond in order to amplify the pulse power
without damaging the gain medium. After multiple round trips and amplification, the pulse is then compressed back

into a femtosecond pulse resulting in increased peak power.

2.2.5 SINGLE-SHOT AUTOCORRELATION

The task of measuring ultrashort laser pulses, the briefest events ever produced, has consistently posed a challenge. To
measure a temporal event, a shorter scale is required. For a long time, we could generate ultrashort pulses but lacked the
means to directly measure them. Techniques like spectrometry and autocorrelation were used, but they only provided
an approximate measure of a pulse. Autocorrelation is a complex measurement to execute. It necessitates the division of
the pulse into two duplicates, which are then focused and recombined (overlapped in space and time) in a Group second
harmonic-generation (SHG) crystal. This process involves the careful alignment in time and space of three sensitive
degrees of freedom, two spatial and one temporal. Moreover, this alignment must be maintained while scanning the

delay. The phase-matching-bandwidth condition necessitates a thin SHG crystal, resulting in a weak signal and poor
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measurement sensitivity. This issue in alignment makes an autocorrelator setup a labour-intensive and high-maintenance

task.

In our laboratory, we used a variant of a single-shot autocorrelator to experimentally measure our pulse duration.
This can be seen as a simplified version of the second-harmonic intensity autocorrelator in figure 2.16. Depending on the
detector, it can be converted to a GRating-Eliminated No-nonsense Observation of Ultrafast Incident Laser Light E-fields
(GRENOUILLE) or a simplified version of second harmonic generation frequency-resolved optical gating (SHG-FROG).
This setup includes a cylindrical lens that focuses the beam vertically onto a Fresnel biprism (a prism with an apex
angle close to 180°) which divides the beam into two beamlets that cross each other at large angle. This overlap causes
the delay to vary across the nonlinear medium, thus mapping delay onto the transverse position. The time delay is a

function of transverse position 7(x) = 2(z/c)sin(0/2), where 6 is the angle between the beamlets.

Cylindrical lens Fresnel biprism 7 =¢(x) 800nm filter

CCD-camera

Pinhole

I

BBO-crystal Focusing lens

Figure 2.16: Single-shot autocorrelator: Every optical element of a hybrid version of a single-shot autocorrelator
and a GRENOUILLE used in the laboratory.

The length of the pulse is indicated by the width of the nonlinear-optical signal beam generated by a thick BBO-crystal
through a second order nonlinear process. The fundamental light is blocked by a filter, allowing only the second-harmonic
to reach the focusing lens. Crossing beams at a large angle and focusing with a cylindrical lens maps delay onto transverse
position, yielding the intensity autocorrelation A(2>(T) = ffooo I(t)I(t — 7)dt for a single pulse. Crossing beams at an
angle is exactly what is required in conventional single-shot autocorrelator and FROG beam geometries, in which the

relative beam delay is mapped onto horizontal position at the crystal.

Fresnel biprisms are automatically aligned in space and time, a significant simplification compared to standard single
shot autocorrelator as there is no need to vary the time delay. The spatial overlap in the nonlinear crystal provides the
time delay. The SHG signal is detected versus the position in the horizontal direction. A pinhole is used for spatial
filtering. It is a very simple and inexpensive setup, it is easy to align and hard to misalign. It is a single-shot technique
that requires good spatial beam quality. However, Group-velocity dispersion prevents its use for pulses shorter than ~ 20
fs and pulses greater than 250fs cannot be detected due to a lack of sufficient temporal delay between the beams split

by the Fresnel biprism.
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2.2.6 OPTICAL PARAMETRIC AMPLIFIER

Optical parametric amplifier (OPA) is a nonlinear optical process occurring in second-order nonlinear crystals and
involving energy transfer among beams at different frequencies [6], resulting in a variable wavelength output. The
nonlinear physical process can be understood through Difference Frequency Generation (DFG) as shown in figure 2.17.
This process is described by a nonlinear polarization P(wi — w2) = 250X(2)E1E§ and has a conservation of energy,
w3 = w1 — w2 and momenutm conservation k3 = k1 — k2 (phase matching condition). The OPA uses three-wave mixing

in a nonlinear crystal to provide optical gain. The process is governed by these three coupled equations [6].

dA1 _ 2zdeffw1A Ay pilkz

dz kic?
DFG = { s _ 2iderpil g e o—inhs (2.59)
dz " kocZ
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Figure 2.17: Optical parametric amplifier: The signal is the seed to be amplified, the pump is the high-powered
light source that provides power to the amplifier, and the idler is an auxiliary wave created by the interaction process
due to the conservation laws.

Energy is transferred from a high-intensity beam, called the pump beam (w1 = w,) to a lower-intensity
beam, called the signal beam (ws = wy), thus resulting in an amplification of the signal. During the pump-beam
interaction, a third beam is generated, called the idler beam (w3 = w;) in order to fulfil energy conservation for
the DFG. For a pump frequency higher than the signal and idler frequencies, the conservation rule w, = wy+w;.
In this case, the OPA systems working in the IR can be used for pumping a parametric process of down
conversion into longer wavelengths. Experimentally, TOPAS-OPA from Spectral-Physics was used to extend
the wavelength of the spitfire amplifier. It used a white light seeding configuration which provides a consistent,
reliable light source for the most demanding applications. The wavelength extension was from 1140nm—1600nm
for the signal (vertical polarization), and 1600nm — 2600nm for the idler (horizontal polarization). The typical

peak energy for the signal and idler is within the range of 250uJ.

2.2.7 TIME-OF-FLIGHT MASS SPECTROMETER

A TOFMS is an analytical instrument used to identify different organic or inorganic compounds within a test

sample by generating ions and separating them by their mass-to-charge ratio (m/Z). It operates on the principle
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that ions of different masses will have different times of flight through a fixed distance when accelerated by an
electric field. A TOFMS depicted in figure 2.18 consist of four essential parts: i) the ionization region, ii)
acceleration (extraction region), iii) the drift region (sorting of ions), and iv) detection. For optimal resolution
and minimal background noise, all stages of a TOF are conducted under low pressure. The necessary vacuum
is achieved using rough pumps and turbo pumps, which can create pressures as low as 107° to 10~?Torr. This

low-pressure environment reduces the likelihood of ion collisions and increases the mean-free path of the ions.
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Figure 2.18: Time-of-flight system: Schematic of simple time-of-flight mass spectrometer. The area between the
repeller and ground is defined by d and the L is the length of the flight tube.

(i) Ionization: The sample is first ionized, often by a laser field, which removes one or more electrons to form

a positive ion (cation).

(ii) Acceleration: The ions are then accelerated by a static electric field generated by two parallel plates,
repeller and extractor, of positive potential. Typically, the repeller has a higher voltage compared to the

extractor. This imparts a kinetic energy to the ions that is directly proportional to the charge of the ion.

(iii) Drift region: The ions then enter a field-free region known as the drift tube. Here, they continue to move

at a constant velocity, ions of different mass acquire different velocities and therefore different drift times.

(iv) Detection: The ions reach a detector at the end of the drift tube. The time taken for the ions to reach
the detector is measured and is known as the "time of flight". This time is directly proportional to the
square root of the ion’s mass-to-charge ratio. Heavier ions will take longer to reach the detector than

lighter ones.

The potential energy of a charged particle in an external electric field is £ = gAV where g is the charge and

AV is the electric potential difference. All the potential energy is converted to kinetic energy ((%mv2 = qAV)

29AV
m

where the constant velocity of the ions are — v = . The drift time can be extracted from the constant

velocity and the length L of the drift tube.

L2 m
t:< 2Av>\/; (2.60)
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Figure 2.19: Xenon mass calibration: Experimental data used to calibrate the mass-to-charge ratio with the flight
time of the ions.

By measuring the "time of flight", the mass-to-charge ratio of each ion can be determined through calibration
with a known sample. Thus, individual ions and fragments can be identified from a known or unknown substance.
This makes the TOFMS a powerful analytical tool allowing for the identification and quantification of a wide
range of substances. Its high resolution, fast mass measurements, and suitable for pulsed ionization methods.
However, the TOF digital conversion can be difficult due to the fast-changing signal from the ions hitting the
detectors in very short time intervals. It requires fast digitizers for time-to-digital conversion. Nevertheless, this

instrument is an invaluable instrument for analytical chemistry and physics.

To permit detailed analysis of the ion spectra, molecular mass spectra must be calibrated from the "time-
of-flight" values to the mass-to-charge values. Given that precise beam alignment in the x,y and z-axes are
normally adjusted at the time of experiment to maximize ion yield, the precise distance from the ionization in
the interaction region and the microchannel plate (MCP) detector varies and must therefore be compensated
in the conversion of flight time to m/z. Mass calibration shown in figure 2.19 is therefore achieved using known
mass spectra obtained from literature such as NIST. Xenon is used for calibration as its ionization spectra
are precisely known with the high abundance of isotopes and stable doubly and triply ions permit accurate

calibration. It is also useful to use residual molecules such as Os, No, and H>O to extend the fit to lower times.
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2.2.71 WILEY-MCLAREN GEOMETRY

Ideally, all ions are formed in a plane parallel to the source electrodes and with zero initial velocity, then flight
time would be the same for all ions with the same mass-to-charge ratio. Thus, the resolution is limited to the
detection equipment. However, in practice, the compounds are introduced in the ionization region through a
gas inlet resulting in an initial space and initial kinetic energy distribution. The resolving power of the TOFMS
depends on improving the space resolution, the ability to resolve masses despite the initial space distribution, and
the energy resolution, reducing the time spread resulting from the initial kinetic energy distribution. Moreover,
additional factors that can influence mass resolution are the different starting times, the different initial kinetic
energies, the different starting locations, and the different initial directions of motion. Therefore, the improved

resolution can be achieved by implementing a Wiley-Mclaren TOF geometry [52] shown in figure 2.20.
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Figure 2.20: Wiley-Mclaren Time-of-flight geometry: Schematic of a double field time-of-flight mass spectrometer
depicting two acceleration regions improving the space-charge resolution.

Assume the initial position zg, then the space distribution is xg + As. The spatial focusing of ions can be
controlled by implementing two parallel plates, a repeller and an extractor with different positive voltages. This
generates two acceleration region with different electric fields, Fy and Ey with width d; and dy. This double-field
geometry introduces two new parameters which are not present in a single-field source. The spatial focus is
controlled by adjusting F5/F;. Moreover, we can further decrease the space distribution, As, of the ionization
volume - decrease the focal volume by tightly focusing the laser with a parabolic mirror and decrease the time
distribution using a short ionization pulse. With these improvements, the Wiley-McLaren geometry is known
for its high mass resolution m/Am. This high resolution allows for precise identification and differentiation of

ions based on their mass-to-charge ratio.

The detector is commonly a MCP with an applied negative voltage. The MCP detects the incident ions
via an angular array of micron-sized channel grooves. When an ion collides with the groove wall it generates
cascading electrons (electron avalanche). The size of the grooves are ~ 10um to maintain spatial resolution. The
cascade electrons can be amplified by using two or more MCP in a chevron or z-stack geometry. Afterwards, the
electrons are detected by an anode and converted to an electronic signal which is amplified and discriminated.

The timing discriminator detects the leading and falling edge of the pulse which determines the duration of
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acquisition.

Differential pumping is a technique used for vacuum systems to maintain a large difference in pressure
between different stages of the system. A small orifice connects two parts of a vacuum system, one with lower
pressure than the other. This is particularly important in setups where different sections of the instrument
operate at different pressures. Ultra-high vacuum and differential pumping is achieved by using a set of rotary
pumps and turbo-molecular pumps. Rotary pumps (rough pumps) are used to bring the system pressure down
to roughly 10~2 Torr where the Turbo pumps can be activated to bring the system to an ultra-high vacuum
P < 1079 Torr. They work like a compressor, where the gas is pushed into the lower stages and eventually to
the exhaust by fast rotating blades. The mechanical energy from the rotating angled blades is transformed to

the molecules (momentum conversion) by collision.

Differential pumping in a TOFMS is crucial for several reasons: i) The background gas pressure in the
drift region of the TOFMS must be very low. This is because any collision of an ion with residual background
molecules will alter the flight time of the ion and affect the accuracy of its mass-to-charge ratio. ii) Differential
pumping ensures that the samples entering the ToF Mass Spectrometer are not contaminated by gases drawn
from other regions. iii) Differential pumping helps maintain the kinetic energy of the ions by minimizing
collisions with gas molecules. This accounts for free molecular flow where the mean free path is large and limits
the amount of contact to the chamber walls or other ions maintaining a good signal resolution. iv) By reducing
the number of collisions between ions and gas molecules, differential pumping can enhance the mass resolution
of the TOFMS. Differential pumping is important in the operation of a TOFMS, contributing to its accuracy,

resolution, and overall performance.

228 (GAS PHASE EXPERIMENTAL SETUP

Near-infrared femtosecond laser pulses are focused by a parabolic mirror with a focal length of 5cm inside a
differentially pumped vacuum chamber with a spot size of 3 + 0.2pum. The chamber houses a TOFMS, which
operates in a Wiley-McLaren geometry, see figure 2.21. The ions produced in the interaction region are focused
and accelerated (denoted by the potential lines between the parallel plates) towards a field-free drift region of
30 cm before they are detected by a MCP (chevron geometry). The ion signal is then amplified, discriminated,
and recorded by a time digitizer to generate a TOF mass spectrum. Mass calibration is achieved using Xenon
atoms, and the spectrometer has a full width at half maximum mass resolution of 550 at an m/z (mass-to-charge

ratio) of 132.

At room temperature, all chemicals and atoms have sufficient vapour pressure to be introduced into the
vacuum chamber in the gas phase through a precision leak valve. To minimize contamination of the interaction
region, organic compounds like limonene, fenchone or acetone underwent a freeze-and-thaw cycle. The pressure

inside the vacuum chamber was maintained at ~ 1.3 x 1076 Torr. To minimize number density fluctuations in
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the interaction region, the samples were kept at 22°C using a temperature bath, and the gas line along with the
leak valve was preserved at a positive temperature gradient. This meticulous process ensures the accuracy and
reliability of the experiment. All chemicals were purchased from Sigma Aldrich with a purity of greater than

96%, respectively.
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Figure 2.21: Schematic of the gas phase experimental setup: Identifying all essential experimental components
for the gas phase experiment. The voltage on the repeller and extractor was 42000V and +1000V. The negative voltage
on the MCP plate was set at —4900V. No mirror after the optics was used during the experiments to not alter the
polarization state of the light. It was introduced in the schematic to condense the figure.

The experiments were conducted at various wavelengths, 800 nm and 1300- 2400nm to ensure adiabatic
ionization. The laser pulses used in these experiments were obtained from a Ti:Sapphire laser system (Spitfire,
Spectra-Physics) producing ~40 fs pulses with a maximum pulse energy of ~2.5 mJ and operating at 1 KHz
repetition rate. The NIR wavelength was generated from a TOPAS OPA pumped by the Ti:Sapphire laser.
The pulse duration in the interaction region was continuously monitored by a single-shot autocorrelator. A
combination of a half-wave plate and a polarizer was used to control the pulse energy. To ensure the shortest
pulse in the interaction region, a negative chirp was introduced and optimized by maximizing the ion yields of
argon. The intensity range for the strong-field measurements was between ~ 1013 — 10* W/cm?. Moreover, a
fast photodiode was employed to continuously monitor the laser pulse energy incident on a 3 mm thick quartz

window on the vacuum chamber.

The OAM and ellipticity control consists of a QWP on a motorized rotation stage (with a £0.005° resolution)
and was used to generate CPL incident on a LC based phase plate called g-plate. When an incident circularly
polarized Gaussian beam propagates through the g-plate with a topological charge q, it acquires an OAM defined

by | = 4+2¢q, with a phase singularity and hence a null intensity region at the centre of the beam, known as an
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optical vortex. The wavefront structure of such beams undergoes [ intertwined rotations in one wavelength, and
the direction of rotation is determined by the handedness of the incident circular polarization. A second QWP
was used to generate linearly polarized OAM beams. The conversion efficiencies of the g-plates were ~ 86 +2%
for | =1 and ~ 88 £ 2% for [ = 3. Lastly, a third QWP after a second polarizer controlled the ellipticity, e,
of the laser polarization of the helical light incident to the gas chamber. The third QWP was calibrated by
measuring the ellipticity dependence of doubly charged argon, and € = 0.05 corresponds to linear polarization.
The maximum ellipticity obtained was ¢ = +0.96 corresponding to nearly circular polarization. The uncertainty

in ellipticity was £0.02. not all experiments consisted of the OAM control or the ellipticity control.

The g-plate was mounted on a (z, y)-translation stage controlled by micrometre screw gauge with a precision
of 10pm. This extra degree of control allowed us to generate an asymmetrical OAM beam by displacing the null
intensity region in the OAM beam. When focused by the parabolic mirror this translation results in nanometer
displacement, often of step size of ~ 330nm. The calibration was achieved by measuring the total translation
required to displace the singularity to the periphery of the defocused beam and comparing it to the measured
spot size of 3£0.2 um obtained by intensity calibration of argon. The helical vortex beams can be further
classified into vector and scalar vortex beams. The superposition of vector vortex beams with linear Gaussian
leads to the shifting of singularity towards the periphery of the beam for [ = 1 and splitting of the singularity for
higher order [-value [53]. The superposition of linear Gaussian with scalar vortex beam causes the null intensity
region to fade and does not lead to the shifting of singularity, which was used in the experiments by detuning

the voltage of the g-plate.

2.2.9 TRANSMISSION EXPERIMENTAL SETUP

Ti: Sapphire laser amplifier system, operating in an external trigger mode producing 45 fs, 800 nm pulses with
a maximum pulse energy of 2.5 mJ, was used in the transmission measurements, the setup is depicted in figure
2.22. An aspheric objective lens (NA=0.3) was used to focus the femtosecond pulses into a cuvette (10 mm
thick) containing liquid samples of chiral or achiral molecules or into a solid samples with typical dimensions
of 10 x 10 X Imm. A second aspheric objective with the same or higher numerical aperture (NA=0.5) collected
and collimated the transmitted light onto a photodiode (PD)2, positioned immediately after the objective. For
every laser shot, the transmitted light signal on PD2 was normalized with the incoming light signal on PD1,
reflected off a glass plate positioned in the beam path at an angle of ~ 20° to avoid Brewster’s angle. The
signals generated by PD1 and PD2 were stretched by an electronic pulse stretcher, discretized and recorded by
a data acquisition card.

A combination of a half-wave plate and a polarizer was used to vary the pulse energy (power control in Fig.
la). The incident pulse energies were measured before the objective. During the measurement, for every laser
shot, the pulse energy was increased by ~ 3nJ and the sample was translated by 5um to avoid micro-bubbles

in liquids, or to irradiate a fresh sample spot in the solids. To ensure the shortest pulse in the interaction
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Figure 2.22: Schematic of the transmission setup in the liquid and solid experiments. All essential compo-
nents are included in the schematic. For the solid transmission experiment, the cuvette was replaced by the 10 x 10 x Ilmm
sample.

region, a negative chirp was introduced and optimized by measuring the second harmonic generation in a BBO
crystal placed at the location of the cuvette. A single-shot autocorrelator then continuously monitored the
pulse duration. The pulse duration at the interaction region is about ~100fs. Transmission measurements were
always performed in an empty cuvette prior to each experiment to determine and minimize background errors
resulting from any discrepancies between the photodiodes. The liquid samples were obtained by Sigma Aldrich
and the crystal samples were obtained from MTI Corp., MSE Supplies and chiral quartz from Knight Optical.
Fused silica was bought from SPI Supplies. The generation of the asymmetrical OAM beam and the OAM

control were performed identically to the gas phase measurements.

2.2.10 BEAM WAIST MEASUREMENT

For our experimental measurements, it is crucial to know the minimum beam waist wy at the beam focus.
This allows us to determine the fluence or the intensity at the interaction region as well as the displacement of
singularity at the focus point. It is also a fundamental beam parameter to determine the beam Rayleigh range
and the beam divergence. A common technique when using lenses to focus the laser beam is the knife edge
method. However, for gas phase measurements such direct measurement of the focal point is difficult to perform
in a gas chamber therefore it is often performed using an intensity calibration of an atom with well-documented

saturation intensity such as argon or xenon.

2.2.10.1 SATURATED INTENSITY METHOD

The saturation intensity of argon was performed to determine the focal area in the interaction region. The
intensity at which the saturation is reached is determined when the focal area no longer grows proportionally

with the ionization count. The saturation can be found by determining the intersection between the ionization
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curve slope and the 3/2 slope. the intersection defines the saturation intensity.

Determining accurately where this intersection point is can be difficult therefore the saturation point can
be extrapolated more readily by using the linear tangent of the log plot of ionization signal count. The point
at which this linear tangent intersects the x-axis is taken and compared with literature. By comparing the
saturation energy of argon with its known value from literature, Ar = 2.5!*W/cm? and Xe = 1.2 x 1014W /cm?,
we can calculate the experimental intensity. The saturation point is obtained by the x-axis intercept of the
linear fit of the saturation curve of argon. Using the saturation intensity value from literature of argon and
comparing it with the inverse log of the saturation energy, we can calibrate the intensity accordingly. In figure
2.23, the linear fit to the semi-log plot is taken between the points with the least uncertainty between them.
In this particular case, the curve intercept corresponds to an energy of 9.7 uJ when the inverse log is taken.
This value is used as a ratio with the energy being applied and then multiplied by the intensity value from
literature to obtain a calibrated intensity. From the calibration intensity we can determine the beam waist

. _ 2
using Isqr = Ppeak/TWG.

Isat Esat Isat 2.5 x 1014W/Cm2 —6 13 2
= =] = E= 1x107%7 =26 x 1013W 2.61
T~ E Fout 97x10 67 % % fem (261)
E E, 1x10-6J
= Zwe avg i =3x 1076 2.62
w2t 0TV TIAL T\ 7(2.6 x 108W/em?) (130 x 10-15s) 0 " (262)

2.2.10.2 KNIFE-EDGE METHOD

The incident Gaussian beam is focused by an aspherical lens of NA=0.3 resulting in a tight focus which can be
measured by using a thin tapered blade that is translated across the transverse profile of the beam, in the x or
y direction. The maximum power is achieved when the blade does not cover the beam and reaches a minimum
when it is fully covered. The power is measured by a PD as a function of transverse position. As it progressively
covers the beam the transmitted power decreases monotonically with a dependence related to integration of the

power distribution. For a Gaussian,

xT Tz \2 oo . 2
P(CU) _ 2P 2/ 67( w(z)o) d{E/ ef(w(jﬂ) dy (263)

Tw(2)? J_o —o

V2(z—x0)

w

the fitting function is for z < xg is P(z) = Py + g (1 —erf ( )), where Py is a background power, P
is the maximum power, z( is a position of shift with half of real power, erf is the error function [54]. For a
Laguerre-Gaussian beam, the fitting function is similar to that of a Gaussian but with an inflection point at the

center due to the singularity. The intensity distribution and the power curve are shown in figure 2.24. However,
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Figure 2.23: Saturation intensity of argon at 800nm. The figure shows the linear fit of a semi-log curve with an
x-axis intercept of 9.7uJ. The resulting intensity for 1uJ is ~ 2.6 x 10"®W/cm? giving rise to an estimated beam waist
of 3um.

the 2D transverse cross-section of the beam still has light transmitting through from the y-component when
the knife reaches the null intensity at the z-component. Therefore, depending on the size of the singularity and
the step size in x this inflection point could be negligible due to the light from the y-component reaching the

detector.
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Figure 2.24: Knife edge graphical representation: For a) Gaussian beam (I = 0) and b) Laguerre-Gaussian beam
(I =1). The black curve is intensity distribution and the blue curve represents the knife edge power curve at the beam
waist.

The fitting of this function gives the beam radius w(z). This procedure is performed at various z-position
within the Rayleigh range. All the values for the radius w(z) are plotted with respect to the distance z and
2

fitted with the hyperbolic relation between the beam waist and the z-position, given by w(z) = wgy/1 + (%) ,

where zg is the Rayleigh range. Figure 2.25 shows a knife-edge measurement for an OAM beam with [ = 1.
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Figure 2.25: Beam waist measurement: Laguerre-Gaussian beam width w(z) as a function of the z-direction along
the beam. The beam waist is located at the minimum with a value ~ 2um. Measurement was performed with an
aspherical lens with NA=0.3.
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WEAK- AND STRONG-FIELD LIGHT-MATTER

INTERACTION

This chapter sets the theoretical groundwork for our models and results, focusing on light-matter interaction
in both weak and strong field regimes. The weak field section provides details on the perturbative approach of
light-matter interaction with a weakly perturbing field. It provides an overview of linear absorption, in relation
to CD and ORD, and of nonlinear absorption, specifically MPA pursued using both microscopic and macroscopic

approaches.

The strong-field section will discuss the non-perturbative approach, used when the light field strength be-
comes comparable to the atomic potential. It outlines the limitations of the perturbation regime at high
intensities and introduces the concept of tunnel ionization as well as different types of strong-field ionization
methods. Furthermore, recollision dynamics is analyzed via generated ions (non-sequential double ionization)

or emitted high-harmonics of incident light.
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3.1 NONLINEAR REGIME

The intense radiation from a laser can induce profound changes in the optical properties of a material. Nonlinear
absorption denotes the variation in a material’s transmittance based on intensity or fluence. At sufficiently high
intensities, the probability of a material absorbing more than one photon before relaxing to the ground state
increases significantly. To explain this optical activity, we venture into the field of nonlinear optics. Here,
we examine the impact of the electric field on the refractive index and absorption coefficient to understand
and describe the differences in transmission measurements between Gaussian and helical light in isotropic and

anisotropic samples.

When polarized light with an optical-electrical field strength E irradiates matter, the electric charge of the
molecule and atom oscillate under the influence of the incident electric field. The displacement of charges
induces the emission of the electric field which is described by the electric polarization P. For a weak laser
field ~ 10° W /cm?, the induced polarization depends linearly on the electric field amplitude, P = eoxW - E.
Where x(!) is a constant of proportionality known as the linear susceptibility, for an anisotropic medium it is a

complex tensor quantity and eg is the permittivity of vacuum.

With the advent of high-power lasers, the intensity of the laser light reached several orders of magnitude
higher. The optical response of the material can be described by a generalized induced polarization with
higher-order terms. The induced multipole terms derived in Chapter 1 and section 1.2.1.4 are related to the

susceptibility via P(™ = N(O),, = € Zj XE?)Ej (w), where N is the number density of the atoms, O is the
(n)

observable i.e. electric-dipole, electric quadrupole etc., Xij 18 the nth order susceptibility, and E;(w) is the
electric field with frequency w. The nonlinear polarization is achieved by expanding the electric polarization

into a power series of the field strength [6, 55].
P =cox"" E+eox?:EE + ¢ox®EEE + - - - (3.1)

where Y, x(®, and x® are the first, second-, and third-order nonlinear susceptibilities, which are known as
second-, third-, and fourth-rank tensor quantities, respectively. The symbols -, :, - are the second-, third-, and
fourth-rank tensor multiplication. We can denote the first term as the linear polarization P and the other
terms as the higher-order nonlinear polarization P . Therefore, the total electric polarization is a sum of the
linear and nonlinear terms, P = P, + Py, [6, 55]. For an isotropic homogeneous medium, the susceptibility

can be written as a scalar quantity, then the electric polarization can be expressed as
P =coXVE + cox? |E|E 4+ eox® [EE + - - - (3.2)
In the linear regime, the polarization of the medium is proportional to the field strength, however, for the
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second-order (third-order) nonlinear polarization, the polarization of the medium is proportional to the square
(triple) of the field strength and so on. Therefore, in the nonlinear regime, the polarization of the medium is no
longer proportional to the field strength and intensity-dependent phenomena can arise. At high field strengths

the parameters of the medium become a function of the optical field.

The electromagnetic field also contains a magnetic field which also has a polarization effect on the material
known as magnetic polarization of the medium. This effect is often ignored for common materials however
its contribution is significant for materials with broken symmetry, namely chiral molecules. The magnetic
polarization (M) for an isotropic homogeneous medium is expressed as

M = pox\VH + pox (P [HIH + pox ) [HIP H + - - (3.3)

m

where pg is the vacuum permeability, x,, is the magnetic susceptibility, and the magnetic flux B is related to

the magnetic field strength H via B = poH in vacuum.

3.1.1 WAVE EQUATION IN ABSORBING ISOTROPIC AND ANISOTROPIC NONLINEAR MEDIUM

Isotropic materials have optical properties that are uniform in all directions and anisotropic materials display
different properties with the orientation of the sample. Gas, liquids and plastic are known to be isotropic where
their susceptibility can be written as a scalar while crystalline solids are anisotropic and their susceptibilities

are tensor quantities.

3.1.1.1 TIME DOMAIN

To understand the nonlinear absorption we must first describe the form of the wave equation for the propagation
of electromagnetic fields through an anisotropic/isotropic nonlinear optical medium. We begin with Faraday’s

law and Ampere-Maxwell Law.

VxE=-u2 ; VxB=2+17] (3.4)

Rearranging these equations and using the electric displacement, D = €-E + P, and current density J = cE

we get

OE(r,t) . 0%E(r,t) 9P (r, t)
VXVXEO‘J)"‘NOUT‘FMOE'T:—MOT (3.5)

This is the general time-domain wave equation for describing the transmission of the light wave in an absorbing
anisotropic nonlinear medium. This equation can be expressed in a more common form by assuming that the

nonlinear medium is an absorbent, homogeneous isotropic medium. Let the time and frequency space be related
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by the Fourier transform, FT [E(r,t)] = E(k,w) and denotes the light field strength of the monochromatic
transverse plane wave (the component paralleled to k can be neglected). The wave equation can be reduced to

the below differential equation given by

OE(r,t) f@QE(r,t) 1 9*Pnw(r,t) (3.6)
ot 2 Ot2 g2 ot2 '

V2E(r,t) — poo

This is a time-domain second-order differential equation obtained by using V-E =0 — V x V x E = —V?E,
the tensor quantity € is written as a scalar e, and by using the following relations |k|= kon, kg = w/c, n =
\/6/760. In general, it is difficult to solve this differential equation without any approximation. Suppose the
variation of field strength incident on an optical medium changes very slowly in time and space compared to the
light wavelength and optical frequency. By using the slowly varying envelope approximation, the second-order
differential equation will transform into a first-order differential equation. To do so, assume a monochromatic

plane wave field propagating along z-direction.
]‘E(I‘7 t) = E(Z, t)ei(kz—wt); PNL (I‘, t) = PNL (Z7 t)ei(k/Z_Wt) (37)

Solving the time component gives us

672 + iQk‘Q _ /4}2 E(Z t)ei(kz—wt) — Lo g —iw E(z t)ei(kz—wt)
822 82; ’ 0 8t )

2

’/l2 62 . 6 . _ w i(k' 2 —w
) (8t2 - z2w§ - w2> E(z,t)e'F==wt) = —EO7PNL(Z,t)62(k #wh)(3.8)

I’E(z,t) OE(z,t) I*E(z,t) OE(z,t)
922 ’<< ‘k D2 and T << UJT

Using the slowly varying envelope approximation condition,

)

equation 3.8 simplifies to get

O pen+ % (ko n z%) OBt + %E(z,t) - Py (2, t)eidh (3.9)

)
0z ot 2e0cn

where g = (upoc)/n is the linear absorption coefficient of the medium and can be written in terms of the
complex susceptibility of the material £gx("” (w) = o /w. The difference in the wave vector represents the phase
matching (momentum conservation) Ak = k' — k, where k, and k' are the wave vectors of the original light
field and polarization field. For an absorbing isotropic medium Ak = 0. This equation is the time-domain wave
equation when the monochromatic plane light wave propagates through an absorbent homogeneous nonlinear
medium, and where the optical field strength E(z,t) satisfies the space and time slowly varying amplitude

approximation condition [55].
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3.1.1.2 FREQUENCY DOMAIN

It is sometimes easier to work in the frequency domain. To convert the wave equation the optical field E(z,t)

and nonlinear polarization Py (r,t) are represented as a discrete sum of frequency components [6, 55].

FT[E(r,0)] = 3, Epkp, wp) = 32, Bpe'Srm ety FT [Py (r, 1)) = 32, Py (K p,wp) = 30, P hettormeant)

(3.10)

Substitute the frequency domain electric field and nonlinear polarization in the wave equation 3.6 and omit the

sum and ordinal number p, for simplicity.

2
V?E(k,w) + iwpooE(k,w) + k*E(k, w) = —]:—OPNL(k’,w) (3.11)
0

Applying the spatial derivative, we get

0 d . ; kg "
(aZQ n ”%) B(zw)e™ + iupigrB(z,w)e’ = ~ Py (2, w)et (3.12)

. . . . . . .. I’E(z,w)
Once more, the light field satisfies the slowly varying field amplitude approximation condition, T‘ <<

‘k% ’ The terms having the second derivative can be omitted, and by combining the exponential factors

we get

o w ;
= _ P iAkz 1
+5 E(z,w) Seoen NL(z,w)e (3.13)

This is the slowly varying amplitude approximation in frequency-domain nonlinear wave equation for absorbent
homogeneous medium for the propagation of the monochromatic light wave along the z-direction [55]. Where
we have a momentum conservation, phase phase matching condition, Ak = kK’ — k. For an absorbing isotropic
medium Ak = 0. Equation 3.13 is used to obtain the multiphoton absorption differential equation used to

describe the nonlinear transmission curves in section 3.1.4.

3.1.2 LINEAR REFRACTIVE INDEX

In the linear absorption regime, it is useful to define the linear refractive index and absorption coefficient in
order to describe a linear transmission experiment. Consider a monochromatic plane wave with frequency w
propagating in an isotopic medium along an arbitrary direction, E (r,t) = E (r) e!&*=%%) 4 c.c., where k is a

where n is the index

complex number known as the wave vector. It can be defined more commonly as |k| = %

of refraction and is also complex value, n = (ng + i), where ng is the real part of the index of refraction and

k is the imaginary part. From these relations, the real part of the wave vector |k’| is related to the refractive
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index ng of the material and the its imaginary part |k”| is related to the absorption coefficient of the material

ap =

w
c

K.
k| = [K'| + i [k"| = Kono + i% (3.14)

where kg = w/c is the vacuum wave vector and « is the absorption coefficient for light intensity, therefore it’s
divided by 2. The above relation can be confirmed by substituting the complex index of refraction in the plane

wave expression.
E(r,t) =E(r) eligmotim)(kr)—wt) L o0 g (r) e en(kr)g(ikir—wt) 4 ¢ o (3.15)
By looking at the intensity of the plane wave, we can derive the Beer-Lambert law in the linear regime.

I(r)= Te~22n(kr) — 1 o—ao(kr) (3.16)

The Beer-Lambert Law is a relationship between the attenuation of light as it propagates through a substance
due to the absorption and scattering of light by the substance. The transmittance, T', of the solution is defined
as the ratio of the absorbed intensity, I, over the incident intensity, Iy and takes values between 0 and 1:
T = I/Iy. The transmitted intensity is equal to the exponentially decaying incident intensity. There is an
inherent exponential relationship between the ratio of the intensity of a monochromatic light beam incident on
a sample,, and the transmitted intensity, /. The absorbance, A, of the solution, is related to the transmittance
(incident and transmitted intensities) through the following relations: A = LoglOIT0 = —Log;yT. A schematic

of a linear transmission setup is shown in figure 3.1.

Iy I
) | |
Incident light Transmitted light
—p
L

Figure 3.1: Linear transmission: Schematic representation of linear transmission through a liquid sample. Iy is the
incident light and I is the transmitted light, L is the thickness of the cuvette.

The linear absorption coefficient oy and the refractive index ng can be expressed in terms of the real
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and imaginary linear susceptibility. This sets the scene for the nonlinear index of refraction and absorption
coefficient. To do so, consider the linear polarization in the electric displacement field, D = ¢gE + Py =
€0 (1 + X(l)(w)) E = ¢E. We can split the linear susceptibility of the medium into the real and imaginary parts:
XM = xW(w) +ixM”(w) and define the real part of the permittivity as &’ = g9(1 + x(!(w)). Using this and
the relation between the permittivity and refractive index, ng = \/E'/To , we obtain

(yn
£ =neo (1 + ZXQ(W)> (3.17)

g

We can further use the complex linear refractive index, n = \/6/760, and the speed of light, ¢ = 1/,/fg€o, to
relate the permittivity to the complex wave vector of the medium, |k| = kon = ™2 = w,/pe. Substituting
both above expressions in equation 3.17 for the permittivity, we can obtain an expression for the wave vector
in terms of susceptibility, |k| = kongy/1 + z%é(w) The second term in the square root is much smaller than

1, allowing us to expand the square root as a Taylor’s series.

) (L)ynm w K
k| ~ kono [1 + ZXQné)] = kono + zﬁx(l)”(w) (3.18)

Therefore, the real and imaginary parts of the wave vector can be expressed in terms of linear susceptibility

which we can relate to the real and imaginary parts of the refractive index.

K| = kono = 2/ T+ x(0(@) and K| = 9 = Fay(V(w) (3.19)

c 2ng

The linear absorption coefficient can be extracted and related to Beer-Lambert’s Law of transmittance.

I(r)= Toe=®(*T) " where ag = (M7 () (3.20)

Ccno
The absorption coefficient is related to the imaginary term of linear susceptibility. The absorption coefficient
and the index of refraction are related via the Kramers-Kronig relation given by equation 1.7.
3.1.3  NONLINEAR REFRACTIVE INDEX

For a nonlinear absorption process, when two or more photons are absorbed simultaneously, we can define the
nonlinear refractive index and absorption coefficient in terms of nonlinear susceptibilities. Let’s consider a two-
photon absorption, which is a third-order nonlinear process. The nonlinear polarization, P, can be expressed

as the third-order nonlinear polarization term and is sometimes called the optical Kerr effect.

P® (z,w) = 3e0xP (W) [E(z,w)|* E(2z,w) = 320 | X&) (w) |E(z,w)* + ix®" (W) |E(z,w)*| E(z,w)  (3.21)
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where the complex third-order susceptibility is expanded to explicitly show the real and imaginary contribution

for an isotropic medium, Ak = 0. E(r) is solved by implementing the slowly varying amplitude approximation

nonlinear wave equation, 22&) — _iw Pnr(2).

(@) [B()* +ix " (w) [B(2) | B(2) (3.22)

Using the expression for intensity I = %socno |E(z) |2. The solution of the nonlinear differential equation becomes

OB) _ |k B(2) = B(2) = B(0)eltls  where [knp| = 3k w>1+ 3%1 (3.23)
Where the total wave vector is |kr| = |k| + |knw| and can be divided into the real and imaginary part

corresponding respectively to the total refractive index n and the absorption «.. The total refractive index and

the total absorption coefficient can be divided into linear and nonlinear terms.

[kr| = [Kp|+i|kf| = kon+i% where n=ng+An, a=a+ A (3.24)

Using the expression for |kr| and substituting all expression for the linear and nonlinear index of refraction

as well as absorption coefficient we obtain, |kr| = kong + koAn + i+ i%.

(3) 3
| = koo + 720 + 3 X )I+ i32X (;")I (3.25)
2 gocng goc®ng
k|

[knL|

where we obtain the nonlinear terms for refractive index and absorption coefficient

An =

X3 (w)I  and Aa—scz X(3)"( ) (3.26)

2
gocnyg

3.14 MULTIPHOTON PROCESS

Nonlinear absorption can be described by MPA where two or more photons are simultaneously absorbed by
the nonlinear medium. To start, consider a two-photon absorption, a third-order nonlinear optical effect in an
absorbent nonlinear isotropic medium, let Ak = k' —k = 0. This nonlinear process is described by the nonlinear

wave equation defined by equation 3.13.

Y pO)(z,w) (3.27)

OE(z,w) n
2egcn

% E(z,w) =

o 2

If the intensity of a monochromatic beam with frequency w is sufficient for two-photon absorption, then the
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wave equation is given by

IE(z,w) « _ Bw () 2
T+ E(z,w)—mx (W) |E(z,w)]” E(z,w) (3.28)

|

By multiplying both LHS and RHS of equation 3.28 with the conjugate of the complex electric field, and using
the intensity relation I = %csono |E\2 as well as the imaginary part of the third-order susceptibility we obtain
the two-photon differential equation for absorption expressed in terms of intensity.

o(z) 1 n (o
9. 2|™

55XV (W)I(2)| 1(2) (3.29)
goc?nd

This is an extension to the Beer-Lambert law as it includes the first order nonlinear absorption coefficient

6w

. X3 (w) written in terms of the third order susceptibility, derived earlier in equation 3.26. The
0

Qo —
two-photon differential absorption equation is now expressed as

dI(z)

- = —apl(2) — ol (2)? (3.30)

We can generalize the above equation to multiphoton absorption, by considering higher-order MPA such as

three-photon absorption which is a fifth-order nonlinear process and so on so forth [6, 56].

dI(z)
dz

=— Z anI™(2) = —a1I(2) — anl?(2) — azI3(z) — - -- (3.31)
n=1

The summation is over the number of photons absorbed by the nonlinear medium and «q, as, ag... are the ab-
sorption coefficient for (1,2, 3...)iw simultaneous photon absorption. We can use this nonlinear Beer Lambert’s
law to describe the experimental nonlinear transmission curves which can be used to determine the absorption

coefficient of the material and extract the n-photon cross-section of the material.

In the case of a pulse of light propagating through a medium, there is absorption as well as an additional
phase delay, 8(w) = n(w)koL, to the transmitted light due to the difference in optical path length between the

frequencies, E(z,w) = E(z,w)e”*?“?*) Therefore, the frequency-domain wave equation can be split into the

nonlinear absorption part given by equation 3.28 and the nonlinear phase delay given by

00(2) Wy W 3y o 06(2) w 3w w w
== i E — = W O W) I(2) = Sy + ool
0z 2cn0X * QCnOX (W) [E(z,w)| 0z 2cn0X + € 62n2x (@)I(=) cn1 * cn2 (2)
(3.32)
where no = EOSnZ x®(w) is the two-photon nonlinear index of refraction. For the multiphoton process, we can
0
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generalize the above phase delay expression 3.32 to an n-photon process [56].

T = S Sl ) = 2 el ) - ] (3:33)

Therefore, we have two differential equations describing the nonlinear process, one for absorption and another

for phase delay.

3.1.4.1 MULTIPHOTON ABSORPTION

The subject of MPA has been pursued theoretically using both microscopic and macroscopic approaches. In the
former, one calculates the MPA coefficients from the multiphoton-induced electronic transition probabilities.
This is the general approach and was used for our article on nonlinear helical dichroism given in section 4
and 5. In the latter approach, the MPA coefficients are obtained from the imaginary parts of the higher-order
nonlinear susceptibilities and are a common method to describe nonlinear absorption. In this section, the
macroscopic approach is briefly shown to compare the nonlinear absorption of Gaussian and OAM light validate

our experimental transmission curves as well as identify certain key features.

By integrating the n-photon absorption equation of 3.31 we get an expression for the transmitted intensity

as

I(z) = To(2) (3.34)

(1 +(n—1a,L(1 - R)(n—l)I(()n—l)) (=)

where n is the number of photons, L is the sample thickness and R represents the sum of the Fresnel reflection
losses at the surface of the sample. This expression is true when the simultaneous absorption of n-photon is
described by a plane wave with optical path length z. However, our experiments are performed for pulsed
Gaussian or OAM beam profiles. So, we must explicitly take into account the variation of the incident intensity
profile in time and space, I(x,y;t). Therefore, an integration over all time and space is required to get the

transmitted pulse energy.

The transmission 7" of the sample is given by the ratio of the transmitted intensity I and incident intensity
Iy: T = I/Iy. An important consequence is the change of intensity inside the sample. The intensity inside
the sample I’ is related to the free-space intensity I = (1 — R)I’ where R is the Fresnel reflectivity given
by R = m% and where n and s are the real and imaginary parts of the refractive index [57-59]. The

transmission expression for a light pulse with a beam profile is

1-R)?2 [ o0 I
T = a-R? ER) / 271/ o(r, ) —rdrdt (3.35)
0 —00 0 (1 + (n _ ]_)Can(l _ R)(nfl)]'(gn—l)(r’ t)) (n—1)

In our experiments, the incident pulse shape, Iy(r,t), was either a Gaussian or a LG (I,p = 0) beam in space
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and a hyperbolic secant squared in time [57, 58]. The beam profile has the form

P W Wo P

> 2t >
4272 t 1 2 —4In2 7 t
Iy(r, t) = Ipe %3 sech? <2ln(1 + \/i)t) or Iy(r,t) =1 <M> e %8 sech? (2111(1 + \/§)t>

Gaussian beam (1=0) Laguerre-Gaussian beam (I#0)

(3.36)

where wy is the FWHM beam waist, Iy = 2P, /7w3 is the peak intensity and P, is the peak power for [ = 0, 1,2...,
and t, is the pulse duration at FWHM. Details of these beams were given in Chapter 2 section 2.1. The total

energy Fy contained in the pulse can be obtained by integrating the pulse over time and space. The relation

aln2ln(1+v2) and

2
Twgty

for a Laguerre-Gaussian beam of order (I = 1,p = 0) by Iy = Eo(l = I)We’l, where Eg(l = 0,1)

Twgty

between peak intensity and pulse energy for a Gaussian (I = 0) is given by Iy = Eg(l = 0)

represents their respective incident energies.

Figure 3.2 a) shows simulated curves of nonlinear absorption with a Gaussian beam for various multiphoton
processes. Higher incident pulse energy is required to kick start the nonlinear absorption as the number of
photons absorbed increases. That is, higher pulse energy is required to reach the threshold for nonlinear onset

as you increase the number of photon absorption. This was also observed experimentally (not shown).

Figure 3.2 b) depicts the difference between the nonlinear absorption of a Gaussian and a symmetric LG
beam with different l-value for a six-photon process. For a beam with orbital angular momentum the threshold
for nonlinear onset is also reached at higher pulse energies. Moreover, this effect increases as the OAM value
increases. This was also observed experimentally, see the transmission curves of Limonene for [ = 0,1,3
in figure 3.3. It also depicts the influence of the left- and right-handed asymmetrical OAM beams on the
nonlinear absorption which is the cause of helical dichroism. More information is given in Chapter 4 section

4.2, transmission measurement of OAM beams.

a) Gaussian simulation of multiphoton absorption b) Laguerre-Gaussian simulation of multiphoton absorption
1.0 A 1.0 4
0) 0)
5 %9 5 oo
8 8
0.8 - =
8 5
2 @ 084
£ 07 5
5 5
= - = 07+
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S 06+ 3
N 2hv N
< 3h T =
£ v E 06 I=0
S 054 4hv 5 —_
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Figure 3.2: Simulated transmission curves for a) various n-photon absorption of Gaussian beam (I = 0) and b)
for different [-value of LG beam (I # 0).
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Figure 3.3: Experimental transmission curves of limonene for [ = 0,1,3 depicting the change in the necessary
energy for the nonlinear onset.

It is important to note that for LG beams the size of the null intensity region increases with increasing
l[-value. Consequently, for the same spot size higher pulse energies are required to reach the threshold for the
onset of nonlinear absorption. However, the peak fluence and intensity remain the same for all [-values. From
the threshold energies and peak power, the [-dependent peak fluence and the intensity can be calculated based
on the following equations [60]:

—2r2 —2r2
J 2(“""‘1) 2‘” w(z)2 W 2(‘l|+1) 2‘” w(z)2
[ } 20 e v 7 { } _ X e (3.37)

(2)2(|l|+1) El Cm2 - ‘l| '7T'UJ (2)2(|”+1)

em?| ]! mw

where | = 0;4+1; £2;4+3... is the orbital angular momentum value, r is the radial direction, w(z) is the
radius of a beam evaluated at z and Ej is the threshold pulse energy, and P, is the peak power for different
[-values. The peak fluence can be obtained by evaluating the radial parameter r at the maxima of the intensity
profile, which occurs when r7 = wi|l|/2. So, for a Gaussian beam (I = 0) 7 = 0, and at for OAM beam with
l=1r = :I:%and SO onm.

These transmission calculations can be performed using alLG beams and compared with experimental mea-
surements of quartz. Figure 3.4 a) and b) are the experimental transmission curves and the simulated curves
for a linearly polarized Gaussian beam, symmetric LG beam and a positive and negative displacement of the
singularity of an aLLG beam. It depicts the change in the transmission due to the [-value and the displacement
parameter . However, the difference between the left- and right-handed helicity for a specific §-position cannot

be directly observed due to the intensity profile being independent of the handedness.

Nonetheless, the absorption coefficient for left- and right-displacement of singularity or handed helical light
can be extracted from a material provided you fit the theoretical transmission curve to the experimental data
in figure 3.5. By fitting the curve to quartz data it is possible to extract the 6-photon cross-section through the

relation of the macroscopic and microscopic approach of MPA.

The absorption coefficient is extracted by relating the macroscopic and microscopic approach of MPA via

the n-photon absorption coefficient «,, and is related to the n-photon transition rate per unit volume Wy(,fg)

dNpn
dt

dN,»,
dt

through % = hw = a,I" — = $=[" [61]. The n-photon absorption cross-section o, is related to the
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a ) Experimental measurment b) Simulation with multiphoton absorption
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Figure 3.4: Experimental and simulated transmission curves. a) Experimental measurement of left-quartz (z-
cut) for a Gaussian beam (I = 0) in black, for symmetric OAM beam (I = 41,6 = 0) in red, and for asymmetric OAM
beam (I = +1,4 = £0.3wp) in blue and magenta. b) Simulated transmission for a 6-photon process for Gaussian beam
(I = 0) in black, for symmetric LG beam (I = +1,§ = 0) in red, and for asymmetric LG (I = +1,§ = +0.3wp) in blue
and magenta. wo = 2um and is the beam waist at the focus measured by the knife-edge technique.

n-photon absorption coeflicient via a,, = No,, where N is the atomic number density. Using

o — (hu]) ! W) (3.38)
Img =\ 7T mg
we can calculate the n-photon cross-section and compare it with the experimental values. The incident radiation
intensity is given by I = %nsoc|E |2, hw is the photon energy, and Wy(nng) is the n-photon transition rate from
ground state (|g)) to final state (Jm)). The non-dipole transition rate for n-photon can be obtained from time-
dependent perturbation theory and is shown in the supplementary of "nonlinear helical dichroism in chiral
and achiral molecules", chapter 3 section 4.4. However, in this case, we extract the absorption coefficient by

considering only the dominant interaction to the cross-section.

2

(") =27 P (Wmg = nw) (3.39)

py k) pig g | ol
ZZ Zzh" (wpr — n—l)w)...(wrk—2w)(wkg—w)

where the n-photon cross-section is defined as

rk, kg

Ptk gl
E Y T e e - 2=

2 (2 ) p(mg =) (3.40)

(n) _
o =2
mg nepc

We can perform a numerical estimate of 0522, of quartz for a symmetric and asymmetric OAM beam. By assuming
the photon transition is highly non-resonant (w;; —w ~ w), where ¢j represents the virtual states. We also assume
the laser frequency is tuned to the peak of the six photon resonance, so that p (wmy = nw) = (27T,,) ™!, where

[, & 27 x 10'3rad /sec is the width of level |m) [6]. The dipole moments are of order eag = 8 x 1073°Cm. These
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m4s

values were used to calculate the two-photon absorption cross-section, 07(732, ~ 2.1 x107°8 Shoton?

[6] and was
experimentally a measured to be 1.1 x 107°* [62]. Following this similar approach, we obtain cr,(,% ~3x 10729
for the six-photon cross-section which does not have an I-dependence because we considered only the dipole

moment. Nonetheless, it can serve as a comparison to the measure experiment results of figure 3.5.
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Figure 3.5: Quartz six-photon absorption cross-section. a) Experimental measurement (dashed line) and theo-
retical fit (solid line) of left-quartz (z-cut) for a) symmetric OAM beam (I = 41,5 = Onm) in red and (I = —1,5 = Onm)
in black and for b) asymmetric OAM beam (I = +1,§ = —350nm) in red and (I = —1,5 = —350nm) in black.

The experimental six-photon cross-section can be extracted from the transmitted intensity fit of figure 3.35
for a symmetric (a) and asymmetric (b) LG beam of order (I = 1). According to our fit, the six-photon absorption
cross-section is defined as 0(®) = G(rwoAt)’ (hw)® = G (hw)® x 107190, where wy is the beam waist and At is the
pulse duration. The fitting parameter G for a symmetric left- and right-handed OAM beam is G(6 = Onm);=41 ~
2 x 107! and for the left- and right-handed asymmetric OAM beam are G(§ = —350nm);—_1 ~ 1 x 1073 and
G(§ = —350nm);—11 ~ 5x 10713, With these fitting parameters, we can determine the six-photon cross-section.
For a symmetric OAM beam, the cross-section is roughly al(i) '11(6 = Onm) ~ 2 x 1072% for both handedness
(no difference in absorption is observed) and for an asymmetrical OAM beam the cross-sections of [ = —1 and
I = +1 are different, 0% | (§ = —350nm) ~ 9 x 107207 and ol(i)ﬂ(d = —350nm) ~ 4.5 x 1072%5. Note, the
measured cross-sections are near the estimated value o\oy &~ 3 x 1072% obtained from equation 3.40. These are

just approximations of the cross-sections however, they serve the purpose of showing that the rate of absorption

for left- and right-handed asymmetric OAM beams are different while similar for a symmetric OAM beam.

Although there is a difference in the six-photon absorption cross-sections for left- and right-handed asym-
metric OAM beam their values are quite small. At these experimental intensities, it becomes more and more
unlikely that this process is purely in the multiphoton perturbative regime. At the experimental intensity
range, it is hard to distinguish between multiphoton and tunnel ionization, in fact, the most dominant term is
a product of both [63, 64]. Moreover, the intensity profile of LG beams does not show l-dependence, therefore

the macroscopic approach might become extensively difficult to explain the physical process of helical phase-
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dependent absorption if one relies only on the extraction of the multiphoton absorption coefficient. Additionally,
the macroscopic approach describes some features in the intensity-dependent absorption but does not explain
the physical cause of this chiroptical effect nor does it allow to directly simulate the helical dichroism. Therefore,
the future work in chapter 4 and 5 will focus on the multiphoton absorption rate via the microscopic approach

in the perturbative and non-perturbative regimes.

3.2 EXTREME NONLINEAR REGIME

Irradiation of an atom or a molecule by an intense laser pulse can cause the valence electron to overcome or
tunnel through the potential barrier and transition into the continuum, leading to ionization. This process
occurs when the laser field strength is comparable to the Coulomb field of the atom or molecule and directly
interacts with the molecular potential. This non-resonant strong field ionization is significantly impacted by

the peak of the laser field and the incident wavelength.

3.2.1 BREAKDOWN OF PERTURBATIVE APPROACH

When the laser field intensity reaches a level such that the ponderomotive potential of an electron within that
field approaches the atomic and molecular Coulomb potential, the fundamental assumption of perturbation
theory breaks down. Essentially, perturbation theory assumes that an atom or molecule will be only slightly
disturbed by an external force. When perturbation fails, the concept of nth-order transitions describing the
transition from an initial to a final state via intermediate states must be abandoned. Although in some strong-
field theories, the notion of n-photon absorption is still assumed but is only useful when the incident intensity

is within the indeterminate regime between multiphoton and tunnel ionization.

In a strong and low-frequency laser field, it is practical to think of ionization as a bending of the atomic
potential by the quasi-static electric field of the laser. The electron can then pass over the suppressed atomic
potential, or tunnel through the barrier. For strong-fields this mechanism for ionization replaces the common

concept of the absorption of a discrete number of photons by the atom through the excited electronic states.

Most nonlinear phenomena assume that the material polarization can be expanded as a power series in the

applied complex electric field amplitude as mentioned in section 3.1.

Pt) = xVE®#) + xPDE®)? + xDE®)® + ... (3.41)

At significantly large field strengths, this power series expansion does not converge. This perturbation breakdown
occurs if the laser field strength is comparable to or larger than the atomic field strength resulting in a value

greater than the power series radius of convergence. To elucidate this concept, consider the simplest power
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series, a geometric series that converges when |z|< 1 and diverges when |z|> 1.

- 1
f(x):Z:x”:m:1+x+x2+x3+...,\x|<l (3.42)

n=0

Therefore, the accuracy of the answer will increase as the value of n increases, as long as it is within the radius
of convergence [65]. While outside the radius of convergence, the left-hand side, 1/(1 — ), will yield negative
values while the right-hand side of the equality will exhibit positive values. Hence, this series will no longer
converge. Extending this concept to the nonlinear polarization expansion we can determine when the series no

longer converges.
P(t)=xME@W) + xPE®)? +xPE®) + .. = > x"E@) Y (3.43)
n=0

The nth term of the series goes to zero as n — oo. Therefore, there exist an integer N such that |y ™+ E(t)(*+1)|<

1 for all n > N. The series converges for all 2 such that |z|< |R|, where R is a real number. For a geometric

series 7 N|%\"+1 the convergence is |%|§ 1. Thus, the power series of the nonlinear polarization con-

verges for |E(t)|< |R|, where R represents the atomic field strength of the perturbed atom or molecule. That

is, when E(t) ~ E,; = = - the power series approximation breaks down.
’ 4meg ag

3.2.1.1 CRITICAL INTENSITY

In a quasi-static external field of magnitude Ej in the z-direction, the total potential energy for a hydrogenic

electron is V(z) = —%% — exEpsin(wt). The external field has its greatest influence when sin(wt) = 1. The

potential gets bent by the electric field resulting in a saddle point located at distance x and energy Vj. The

position and value of this energy is found by 0V/0z = 0, where z = ,/ 45;20 \/ E%)’ where Z is the nuclear charge

€3ZE0

1zt We can determine the "critical" field strength needed to

number. The energy at this point is V' = —2

ionize the atom by considering the situation where the external field pushes the saddle point down to the level

of the ground state, therefore the energy of the saddle point is now equal to the binding energy |Vy|= I,. For

a hydrogen atom (Z = 1) the binding expression is known as I, = %. The critical field strength is
2
E., = {{i’fzo. After simplification for a hydrogen atom, the critical field strength is 1/16 of the atomic field

strength [65].

e 1 1
— —_=_E, 3.44
Ameg 1642~ 16~ (3:44)

cr

This means that a field strength of only one-sixteenth of the binding Coulomb field is sufficient to create a saddle
point low enough for an electron to easily escape. This results in a critical intensity of I, ~ 1.4 x 10*W/em?,
an intensity far below the atomic intensity I,; ~ 3.5 x 1016W/em? of hydrogen. Thus, the atomic structure

can be significantly distorted resulting in an interaction too strong to be treated as perturbatively. Therefore,
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a ground state electron can tunnel through the barrier and reach the continuum see figure 3.6.

Tunnel lonization

Figure 3.6: Tunnel ionization: The laser field strength is strong enough to distort the atomic potential and allow the
ground state electron’s wavefunction to tunnel through the barrier.

Strong-field physics originates from three main experimental observations that could not be properly ex-
plained using the common perturbative approach. i) The plateau of high-order harmonics and the drastic
cutoff. ii) The non-sequential double ionization mainly the knee shape in the intensity dependence of the double
ionization yield of rare gases. iii) The plateau in the high-order Above-Threshold Ionization (ATT) spectrum,
the first-order peak suppression, and the separation between peaks not equal to the photon energy. These
phenomena can be explained by a non-perturbative approach and an extension to recollision dynamics through

classical electron trajectories.

Experimentally, many interesting multiphoton phenomena arise when atoms and molecules are exposed to
an intense laser field, such as ATI, HHG, and NSDI. These phenomena are prevalent at intensities greater than

~ 1013W/em?.

3.2.2 STRONG-FIELD IONIZATION

The interaction of an intense laser pulse with matter can result in electrons tunneling from the atom or molecule
to the continuum. This ionization process describes the case when the electron penetrates the potential barrier

as it does not have sufficient energy to overcome the barrier.

The two main ionization processes for atoms and molecules with an electromagnetic field are: i) The linear
regime, the atom or molecule absorbs a photon with energy greater than the ionization potential I,,, the atom
is ionized and the electron is liberated. ii) In the nonlinear regime, the ionization potential is greater than the

photon energy which results in various ionization mechanisms dependent on the laser intensity and frequency.

Keldysh presented a parameter v which allows to separate the perturbative multiphoton regime from the

non-perturbative regime [31]. The adiabatic parameter is the ratio of the laser frequency w to the tunneling
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frequency wsy, of the valence electron. In the low frequency and high intensity, v < 1, it is considered the
tunneling regime (non-perturbative regime), when 1 < v < 2 it is the hybrid regime where multiphoton and
tunneling are hard to distinguish and can occur simultaneously as multiphoton assisted tunneling (MPAT).
Lastly, in the high-frequency and relatively low intensity, when + > 2 the multiphoton ionization process

dominates (perturbative regime).

The Keldysh parameter can be derived as a ratio between the time it takes the electron to tunnel through

the potential barrier x the frequency of the incident laser field [31, 32].

w
N = = Whiun (3.45)

Wtun

The ratio measures the rate of the barrier oscillations compared to the time it takes for the electron to tunnel
ionize. It assumes the electron moves back and forth along the width of the potential well with kinetic energy

equal to the binding energy before the electric field is applied. Thus, the outward velocity is vy, = %
When the external field is applied the electron travel through this barrier with velocity vy, through a width of

Az = e% The tunneling time can be obtained from the ground state velocity and the width of the barrier [32].

Az _ wy2mly Ly (3.46)

— wt = — = —_—
7 fun Vgr eE 20,

where tunneling time occurs only at half of the period of the laser field. The ponderomotive energy U, describes
the average oscillation energy, quiver motion, that is acquired by a free electron in the radiation field of the
laser pulse. The ponderomotive scales linearly with the laser intensity and quadratically with the wavelength
[32].

e?E?

Up(eV) = ——

Tz = 933 % 10~ I(W/em?)A\? (um) (3.47)

The table 3.1 below shows various types of ionization regime and their conditions of validity, which are
dependent on the laser pulse properties, the photon energy w, the ionization potential I,,, the ponderomotive
energy Up, and the critical field strength for barrier suppression E,,;, respectively. Figure 3.7 depicts Feynman

diagrams for a few of the ionization mechanisms described below.

H Ionization regime Condition Keldysh parameter H
Single-photon U, <1, <w > 2
Multiphoton U, <w<1, v > 2

Multiphoton assisted tunneling w S U, < I, 1<y<2
Above-Threshold w< U, <1, 1<y <2
Tunneling w<I, <U, v<1
Barrier suppression FEeoi < E 71

Table 3.1: Different ionization regime and their respective condition of validity. The parameter are in atomic units.
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1. Single-photon ionization: Absorption of a photon with energy greater than the ionization potential I,.

2. Multiphoton ionization: Simultaneously absorption of n-photon with energy lower than the binding

potential. The combined efforts of all the photons surpass the binding energy.

3. Multiphoton assisted tunneling: Absorption of n low energy photons resulting in an excited electronic
state with higher energy and larger distance from the nucleus. Subsequent ionization by tunneling through

the suppressed potential of such extended and weakly bond states.

4. Above-Threshold ionization: Absorption of more than the energetically required number of photons

to ionize. Liberating an electron with additional energy than the binding energy.

5. Tunnel ionization: The incident laser field strength is proportional to the atomic field strength partially

bending the atomic potential and allowing the electron to penetrate through the thin barrier.

6. Barrier suppression: The laser field strength is greater than the critical field strength of the atom. Full

suppression of the atomic potential results in the electron to "leak out".
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Figure 3.7: Feynman diagrams for a) Multiphoton ionization (MPI), takes an absorption of (n + 1)hw to reach
the continuum. b) Multiphoton assisted tunneling (MPAT), absorption of n-photon leading to an excited state and
subsequent tunneling to the continuum. c¢) Above-threshold ionization (ATI), absorption of (n+s)-photon leading to
ionization with additional photons absorbed. d) Tunneling ionization, the incident field is strong enough to force the
electron to tunnel from the ground state to the continuum.

3.2.2.1 MULTIPHOTON IONIZATION

When the ionization potential I,, is greater than the photon energy with high laser frequency and low intensity
(I < 10'3W/cm?), the multiphoton is dominant. This process necessitates the absorption of multiple photons
for ionization, the electron can be transferred to the continuum via multiphoton absorption. The electron kinetic
energy in the continuum states will be K ~ Nhw — I, which is an extrapolation of the Einstein photoelectric
effect. This picture is valid when the strength of the electric field is much smaller than the atomic electric field.

The condition allows to treat the external potential as a small perturbation of the Coulomb potential. The
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n-photon ionization rate I';, is a function of generalized n-photon ionization cross-section ¢, and laser intensity

nzzan<ﬁi)n (3.48)

The cross-section decreases quickly as the number of photons increases. At high laser frequencies and low
intensities, the tunneling time is larger than the laser period (field oscillation) such that the electric field
will change its direction while the electron is still confined within the barrier. Therefore, tunnel ionization is
completely suppressed and the ionization may happen via the absorption of an integer number of single photons
(small vertical arrows in Fig. 2.2b) within the lifetime of intermediate states (real or virtual). So, high photon

densities will also be necessary, which have become available after the development of intense laser pulses.

3.2.3 TUNNELING IN STATIC FIELD

The tunneling ionization process is dominant at low frequency and high intensity. The laser period is greater
than the tunneling time allowing us to treat this semi-classically. The external electric field distorts the Coulomb
potential to an extent where a bound electron can tunnel through the potential barrier to the continuum. The
ionization rate is determined from the width of the barrier tunneling time and tunneling time. The electron
does not scatter but escapes by tunneling. Unlike multiphoton ionization when the electron transitions between
different energy states the tunneling process is a transition from the ground state to the continuum with the

same total energy.

For a static electric field Landau and Lifshitz derived the ionization rate for ground state hydrogen 1S-state
in a strong electric field [66] and can be extended to hydrogen-like ions.

, 5/2 3/2
nm=4—w:nm=“%?em(9%§> (3.49)

The exponential seen in most tunneling ionization rates means that at low field strength, the ionization rate
is low and is increasing as the field increases. The solution was performed semi-classically by separating the
Schrodinger equation in parabolic coordinates (¢,7n,®) in the presence of a static external electric field. The
Schrodinger equation was decoupled into an uphill and downhill potential. Considering only the downhill po-
tential representing the distorted potential, one can use the Wentzel-Kramers—Brillouin (WKB) approximation
to get the semi-classical wavefunction for the left and right side of the barrier (a treatment similar to a one-sided
finite potential well). They neglected the disagreement between the left and right function at the point where

the electron emerges from the barrier.
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3.24 TUNNELING IN A QUASI-STATIC FIELD

Based on a similar idea as Landau and Lifshitz, a general formula for field ionization of atoms was derived
by Perelomov, Popov, and Terentev (PPT) [67-69] and also Ammosov, Delone, Krainov (ADK) [70, 71] from
the stitching of the field-free atomic state with the WKB solutions at a point under the tunnel barrier. Only
the initial state and final states are significant for tunneling. The intermediate states play no role, unlike
the multiphoton ionization. The second assumption is a quasi-static field where the static field is replaced by
Ecos(wt) and integrated over the period T. Below are the six major steps in deriving the ionization rate [72].

i) Separating the Schrodinger equation in parabolic coordinates 1({,n, ) = Xz/%) X;“/(%') % in the presence

of a static external electric field by using, where they decoupled the Schrodinger equation into an uphill V(¢)

and downhill V() potential where Xl—\/%) and XQ—\/(%’)

coordinate, ionization happens w.r.t. the n-coordinate, where V' (n) displays the barrier and V' (¢) describes the

are the uphill and downhill functions. In the parabolic

bound motion, the electron remains confined in the (-coordinate.

> 2_ 7 m2—
VO=-}(Z -t -5 v =3 (% -5+ ) (3.50)

The downhill and uphill potential are obtained from the potential V = —% + Ez, where Zl + ZQ = Z is the

nucleus charge, and E is the electric field along z direction are the field strength.

ii) Find the asymptotic Coulomb wavefunction by finding the asymptotic solution for the radial and angular

part of the wavefunction.

b o Q)T 252 2l 201 e €7 (3.51)
T ! Var '
where Q(I,m) = (—1)(m+ImD/2 %i% comes from the spherical harmonics part of the asymptotic
Coulomb wave function with energy E = —k?/2 where r = /21,.

iii) Express the ionization rate in terms of the wavefunction outside the barrier x2(n). The ionization rate

is found by integrating the probability current density.

1 ! dxs d

T 2 pimit [ X2 g T Xy

iv) Obtain a semi-classical expression for the wavefunction outside the barrier and in the classically forbidden
region (under the barrier). Relate the semi-classical solution in the classically allowed (1 > 19) and the forbidden

region ((n < no).Tunneling via WKB approximation.

v) Write the rate in terms of semi-classical wavefunction outside the barrier, the function under the bar-

rier must match the asymptotic coulomb wavefunction. The rate is then described completely by parameters
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characterizing the asymptotic Coulomb wave function.

2Z/k—|m|—1
QUM 1 253 _2s?
W= St ezt B €rr (8:53)

vi) Perform a time averaging of the ionization rate for E(t) = FEpcos(wt) to obtain the rate in the low-
frequency laser field. Ignore the time dependence of the pre-exponential factor because the exponential is much

more rapidly changing.

/2
2 (21,)%2 - 3B \'* (-3
/ Wsmtwexp< 3Eocos(wt) d(wt) = Wtatic W e (3.54)

Therefore, the total ionization rate is

2Z/k—|m|—1

oG L (22

- 2lml|m|! K22/r—1 E

sk N () (5.5
(21,)%2 ‘

This rate of ionization is identical to PPT model when v < 1 [67-69] and to ADK model when v < 0.5 [70, 71].
The rate of ionization calculated by PPT model can describe both multiphoton and tunneling ionization. The

rate calculated by ADK is simpler than PPT and both rates are identical for v < 1.

PPT rate is a formula for an atom in the short-range potentials, the photoinization rate is applicable for
hydrogen atoms with initial ground state with orbital angular momentum [ and magnetic quantum number
m. The theory was extended to arbitrary complex atoms by including the effective principle quantum number
n*Z/ \/E and the effective orbital quantum number [* = n* — 1 in the ADK theory. The PPT model was
derived for short-range potential and includes the effect of the long-range Coulomb interaction through a first-
order correction in the quasi-classical approximation. It does not consider discrete binding states, only the
ground state and was extended to linearly and elliptically polarized light. Recently, both models have been

extended for molecular ionization in molecular-PPT and molecular-ADK [73].

3.2.5 KELDYSH APPROACH: STRONG FIELD APPROXIMATION

The standard Strong-field approximation (SFA) is a widely used non-perturbative approach proposed by Keldysh.
The electromagnetic interaction is described in the length gauge and the continuum state is replaced by the
Gordon-Volkov wavefunction, the free-electron state in the presence of the laser field. SFA is an approximation
for the ionization of an electron from a bound state by a strong, low-frequency oscillating electric field. The

three main assumptions of SFA are [31]:

(i) The laser field does not couple with any bound state beyond the ground state. Only the ground state and

the continuum are considered in the dynamics.

(ii) The effect of the coulomb potential on the free electron is neglected. The electron is treated as a free

82



3.2. EXTREME NONLINEAR REGIME

particle moving in the laser field.

(iii) The depletion of the ground state can be neglected.

The time-dependent Schrodinger equation for a single active electron system is
.0
i1 (1) = H (&) |V (1)) = [Ho + V (6)] [¥ (1)) (3.56)

where we can express the total Hamiltonian as a combination of the unperturbed system and the perturbation
from the laser field. The total wavefunction can be written as a combination of a homogeneous and the in-
homogeneous solution of the form, |U (¢)) = |¢ (t)) + |AV (¢)) [74]. The solution to the homogeneous equation
is obtained from the unperturbed Schrodinger equation, (i% — Ho) |o(t)) = 0, where Hy is the unperturbed

Hamiltonian.

B(t) = e i 10071 ) — =i HO10) | ) — T (¢, 1)) (3.57)

where the time propagator ﬁg(t, to) is related to the Green’s function from the homogeneous equation defined

by (i% — Ho) Go(t,t') = 6(t —t') The inhomogeneous equation is readily solvable using a Green’s function

G(t,t') 75]
(iaat — H0> [U(t))y =V () |P(t)) — (iaat — Hy — V(t)) G(t,t') = 6(t,t") (3.58)
|AT(t)) = /t G(t, YV ()| (t))dt (3.59)

The total solution of the Schrodinger equation is a linear combination of the homogeneous and inhomogeneous
solution and is written in terms of time propagator U(¢,t’). The relationship between Green’s function and time
operator is given by G(t,t') = —iO©(t —t')U (¢, t') [75-77]. Using the Born approximation where the perturbation
acts only on the ground state, we can set U(t') — ¢(¢'). Finally, the total wavefunction of the time-evolved

ground state is expressed as

| () = Uo(t,to)|bg) *i/ Ot — YUt )V (") Uo(t', to)|bg)dt’ (3.60)

to

Moreover, the formal solution can also be obtained directly via the evolution operator in the interaction picture
and following Dyson equations. The transition amplitude, is given by My, = limy_ oo (¢ (t)|¥(¢)), defined as
a projection of non-interacting state to a fully evolved state at large times [40, 65, 77], where the Heaviside

identity is taken care of when projecting the non-interacting state onto the fully evolved state at ¢ — oo by
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using the fact lim;—ocO(t — 7) = 1 [65] The initial state, ¢;(t), and final state, ¢;(t), are represented by a
bound state and the continuum state where the electron is in the presence of the laser field. |¥(¢)) is the total
wave function evolve from the state |¢,4(t')) when the laser is turned on at ¢ and the system interacts with the

laser field through V' (¢').

Myi = —@'/ 4t (6 (DT (L )V ()Tt o)) (3.61)

to

Lastly, we can make the approximation that the final state is represented by the Gordon-Volkov wavefunction
(a plane wave solution modulated by the electric field), (¢ (t)|U(t,t') — (d)‘f/ (t')|. This is also known as the

Keldysh-Faisal-Reiss (KFR) amplitude

My = —i / dt' (&Y (#)|V ()], () (3.62)

Where \(b}/(t’ )) can be derived directly from the velocity gauged Schrodinger equation in the dipole approxima-
tion A(r,t) ~ A(t). Using SFA, we ignore the coulomb potential V(r) = 0.

i% (r,t) = B (—iV — A1) - /ﬂ ¥ (r,1) (3.63)

To solve this differential equation we can make use of the commutation principles. The Hamiltonian commutes
with the momentum operator p = —i'V and since exp(ik-r) is an eigenfunction of p corresponding to eigenvalue

hk, we can look at a solution of the form of a plane wave modulated by the electric field.

Yi(r,t) = 27:3 72 ™ fic(t) (3.64)

Plugging this transform in the Schrodinger equation 3.63 leads to

0 1 it (ke A () 2dr

M Alt) = |5 (k= A )] filt) = fle) = G A (3.65)
therefore, the Gordon-Volkov wavefunction is in the velocity gauge

1 ) —Li [t — T T
V(e 0) = e e RO (3.66)
i

where we set the constant C' = 1 in order for the wavefunction to be normalized according to (¢ (v, t)|1k(r,t)) =
§(k—Kk’). A gauge transformation can be performed ¢, (r,t) = e~**3y (r,t) to the Gordon-Volkov wavefunc-
tion from velocity gauge to length gauge.

1 1 —ift — T T
vi(e,1) = 5 )S/Ze“k‘A(t))'re 5L G A(r)d (3.67)
™
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When dealing with higher-order multipole interaction, the Gordon-Volkov wavefunction can be expanded to
include the higher-order multipoles. A full expansion is given in the gas phase chapter (non-dipole Gordon-

Volkov wavefunction).

3.2.5.1 KELDSYH EXPONENTIAL

In the dipole approximation and for linearly polarized light we can derive the Keldysh probability of ionization.

Using the transition amplitude

t R - t N . ,
My = =i [ @llp+ AWy (@)t B0wA0P et - i [ a4 @700y e 500
to to

(3.68)

Where the plane wave accumulates a phase S(p,t,t’) from the laser field. The physical interpretation of this
transition amplitude is as follows. The process starts at ¢ty which represents the electron located in the ground
state in the absence of the field. At time ¢ the laser field kicks the electron to the continuum and exits with
momentum p. Between ¢’ and ¢ the electron oscillates in the laser field and gains energy until it reaches the
detector and gets recorded at time t. The dominant component of the transition amplitude is the exponential

phase, which is

¢
My; —i/ exp (—iS(p,t,t")) dt’ (3.69)

to

Let the laser polarization be along & and the vector potential is A(t) = %sin(wt)i. Using the saddle

approach we solve the exponential. The saddle point is defined as %S(p, t,t")]¢»= 0 and where v = V2

1 Ey . O\ E3 [(pew . A\
0= (b + sinar)) 41, = 2% (2 singer)) 41, (3.10)
w 2
oz<pl‘ +sin(wt*)) o (3.71)
Ey

Let’s look at the special case where the exit momentum is zero (p, = 0). The ionization happens when the

field is strong enough wt* < 1 therefore sin(wt*) &~ wt*. The dominant contribution to ionization begins at an

imaginary time, t* = i1 = ZTOP. Therefore, the probability of ionization is proportional to the tunneling

phase S(p,t,t*).

t , 2 ) 12
P(ps = 0,t) = | M2 ‘ "y / ISt gy | SFA ]eﬂsw’f >‘ (3.72)
0
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2

P(p; = 0,t =0) = |exp [z (; /to dr (iosin(m)>2 — I,,t*)]
oo [ (3 [ artarr -] | 7
P, =0=0)= o [ (BT )] [ e [(3E (L)) o
P(p, = 0,t =0) x exp {—2(2;2?/1 (3.75)

This is the probability of ionization at the peak of the field, with zero momentum, to exponential accuracy.

This is also identical to the exponential factor for Landau-Lifshitz, PPT, and ADK.

By solving the pre-exponent in the dipole approximation and using the saddle-point method to solve the

time integration one can obtain the Keldysh ionization rate.

Ve, < B\ (-1em7)
(

Wi = "3 Gy (3.76)

3.2.6 RECOLLISION MODEL

High harmonic generation, above-threshold ionization, and recollision-induced double and triple ionization are
extremely high-order nonlinear processes and can be characterized by the recollision model. This semi-classical
model describes the above-mentioned nonlinear processes that occur when an intense laser pulse interacts with an
atom or molecule. The first step involves the tunnel ionization of an electron, where the electron’s wavefunction
escapes from the atomic potential due to the strong laser field directly interacting with the potential, thus
distorting it and creating a potential barrier. In the second step, the freed electron wavepacket propagates in
the continuum and is accelerated by the laser field, acquiring energy as it moves away from its parent ion. Upon
the reversal of the oscillating field, the electron is driven back towards the vicinity of the parent ion with a
broaden wavepacket. The third and final step is the recollision, under the right phase matching conditions, the
electron can recombine with the ion, releasing its energy in the form of a high-energy photon. The recombination
produces spatially and temporally coherent light known as the generation of HHG. These photons can be in
the extreme ultraviolet or X-ray range. It is also capable of generating extremely short attosecond pulses. The
three-step model depicted in figure 3.8, is not only pivotal in understanding HHG and attosecond physics but

also in exploring ultrafast phenomena such as rescattering and correlated doubly and triply charged ions.

The broaden electron wavepacket is driven back to the parent ion where is can undergo either forward or
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3. Recollision

1. lonization

2. Acceleration

Figure 3.8: Recollision physics: In the first step, an intense pulse bends the coulomb potential of an atom or molecule.
This allows an electron’s wavefunction in the ground state to tunnel through the barrier. In the second step, the electron
wavepacket propagates in the continuum and gains energy by the driving by laser field. Upon reversal of the laser field,
accelerates towards the parent ion. In the third step, the liberated electron wavepacket recollides either elastically or
inelastically with the parent ion. Resulting in either higher energy photons or doubly/triply charged ions.

backward scattering resulting in low- vs high- momentum transfer. The rescattering can lead to high-energy
electrons. For linearly polarized light the photoelectron kinetic energy spectrum manifests itself as a plateau
that extends from 2Up to 10Up [78, 79]. This plateau is equivalent to the plateau structure of HHG with a
cutoff at 3.17Up [29, 80]. The forward scattering provides a means to explore the impact of long-range Coulomb
interactions, while backward scattering offers a window into the atomic or molecular structure of the parent ion
[81, 82]. This structure can be examined with sub-angstrom spatial resolution and sub-femtosecond temporal

resolution.

One of these strong ionization processes is NSDI, an extreme nonlinear process where two electrons are
ejected from an atom or molecule without a sequential time order. This phenomenon occurs under the influence
of a strong laser field. The recollision model is a widely accepted explanation for NSDI. It suggests that an
electron, after being ejected from an atom by the laser field, can be driven back by the oscillating field to
inelastically collide with its parent ion. This collision can transfer enough energy to eject a second electron.
However, for sequential ionization (SI), the threshold intensity has to be strong enough to ionize two or more
electrons in succession. The onset for a charge state is determined by the appearance intensity I, [83, 84| and
is given by I,p,(W/cm?) = w where Ip(eV) is the ionization energy, and Z is the charge state after

ionization.

NSDI can occur through a few different mechanisms:

1. Direct impact ionization: The liberated electron is driven back to the parent ion with sufficient energy

(higher than the I,,) to directly eject a second electron.

2. Recollision excitation with subsequent ionization (RESI): At intensities below the recollision threshold,
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the recolliding electron does not have enough energy to directly ionize the second electron. However, the
collision excites a bound electron to an excited state where it is then ionized after the laser field’s peak

intensity by a remnant laser field (subsequent half-cycle).

3. Shake off ionization: The liberated electron is driven back to the parent ion with kinetic energy lower
than the ionization potential of the parent ion. Upon collision, the second electron is populated into an

excited state where the ion undergoes reconfiguration which leads to a second electron being ionized.

4. Field-induced excitation and subsequent recollision ionization (FESI): During the propagation of the first
electron in the continuum, the second electron gets populated in an excited state by a remnant half-cycle
field. Upon field reversal, the first electron collides with the excited state cation with sufficient energy to

eject the second electron.

Understanding these interactions is crucial for controlling electron dynamics in atoms and molecules, which
has implications for the development of attosecond physics and spectroscopy. Further details on recollision

dynamics such as transition amplitude and chiral interactions are given in Chapter 6 section 6.1.
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LIQUID PHASE - HELICAL LIGHT

INTERACTION

This chapter lays the foundation for understanding helical dichroism in the liquid phase, summarizing past
experimental and theoretical advancements. It is followed by an outline of two published articles in Nature
Photonics and the Journal of Chemical Physics where we elaborate on the uniqueness of our concept, experi-

mental procedures, and key aspects useful for understanding the progression of our findings.

We demonstrate that enantio-pure liquids respond differently to the handedness of the rotating wavefront
of the helical light and therefore exhibit enantio-selectivity. It was also found that randomly oriented achiral
liquids show a type of dichroism when probed with helical light. Additional information includes experimental
checks and procedures to validate our observations. The second study highlights the importance of HD as a
chiroptical technique by demonstrating its presence in enantiomeric solutions with varying concentrations, given
the crucial role solvents play in many biological processes. Chiroptical effects can be amplified by the [-value

and controlled by the asymmetrical parameter §.

Throughout this chapter, we emphasize the use of asymmetrical helical light as the chiral probe, which adds

more control parameters to existing chiroptical detection utilizing laser polarization.
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4.1 EARLY DEVELOPMENTS

Chiral interaction with helical light has been a topic of interest for over a decade in various disciplines, including
atomic and molecular physics, and quantum electrodynamics. Conventionally, a Gaussian beam with SAM is
employed to investigate chiral interactions. Light can also possess a handedness embedded in its rotating
wavefront, referred to as structured light. It was not clear if the phase of helical light could interact with

chirality and exhibit similar effects as CPL with chiral matter.

Early developments to observe a chiral response with structured light were not successful. These experiments
were carried out in the linear absorption regime and depended solely on electric-magnetic dipole coupling.
However, subsequent studies have unveiled surprising effects by employing nanoparticles and leveraging local
field effects. This approach amplifies the field strength in the interaction region, facilitating the emergence of
higher-order multipole as the origin of this phenomenon. However, direct observation of HD in bulk samples
has been elusive [85] ever since the helical beams were generated nearly two decades ago. HD, defined as
differential absorption of left- and right-helical light, was observed only in the presence of intermediaries such

as nanoparticle aggregates [86] and/or chiral meta-surfaces [87].

4.2 TRANSMISSION MEASUREMENTS

It is well known that for low-intensity radiation < 10°W/cm?, many molecular liquids are transparent in
the UV-vis and NIR optical range. However, when high-power picosecond or femtosecond laser pulses are
used, liquid samples absorb efficiently via a multiphoton absorption mechanism. Knowing this, we performed
liquid transmission measurements of limonene using a circularly polarized 800nm femtosecond pulse to observe
the effect of multiphoton absorption (nonlinear regime) on CD. The experimental transmission curve for the
Gaussian beam is represented in figure 4.1 a), the distinct linear absorption regime is located at low pulse
energies and exhibits no absorption (represented by the flat portion of the curve). The intensity is too low for the
multiphoton absorption threshold and the photon energy is also too low to significantly alter the transmission.
Moreover, no visible difference between the absorption of left- and right-handed light beyond the experimental
error is observed in this regime. However, the absorption of the circularly polarized Gaussian increases when
the nonlinear threshold is reached at ~ 90nJ. At higher pulse energy, a slight difference between CPL is visible,

although it is still mostly within the error of the measurement.

Enhancing the strength of the incident field shows strong effects on the transmission, this combined with the
new chiral probe could be a promising pathway to increase the chiral signal. As we know, light also carries orbital
angular momentum of I/ per photon, in which the handedness is associated by the left or right twisting of the
wavefront undergoing [ intertwined rotations in one wavelength. These helical beams have a chiral structure

analogous to CPL. However, these beams have an additional chiral parameter of control, they can generate a
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chiral structure in the rotation of the electric and magnetic field vectors or with the rotation of the wavefront.
In addition, the number of intertwined twists within the helical pitch can be increased by increasing the [-value.
This in principle, could increase the chiral sensitivity with the [-value. Then naturally the question arises, is

it possible to enhance the efficiency of the chiral signal by replacing the chiral probe from CPL to helical light
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Figure 4.1: Nonlinear transmission curves for a) Left- and right-circularly polarized Gaussian beam and b) linearly
polarized symmetric OAM beam. The inlet shows the simulated beam profile and the error bars are the standard
variation of three measurements.

Indeed, our preliminary measurements do show a variation in the absorption of linearly polarized left-
and right-handed helical light, as seen in figure 4.1 b). This variation is only noticeable beyond the onset of
nonlinearity. However, when the transmission is averaged over a range of pulse energies, this difference vanishes
due to the cross-over in the transmission. Multiple measurements, under identical conditions, were performed

with similar results.
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Figure 4.2: OAM dependent transmission curves for a) (b)) Left- and right-linearly polarized OAM beam with
the singularity displaced to the positive (negative) x-axis. The inlet shows the simulated beam profile and the error bars
are the standard variation of three measurements.

The variation in the differential absorption was eventually determined to be a consequence of the position of
the singularity. The intensity profile of helical light is characterized by a phase singularity (optical vortex) and

hence a null intensity region at the center of the beam. As shown previously, helical light can be categorized as
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symmetrical and asymmetrical OAM beams. The latter is achieved by displacing the phase singularity, resulting
in an extra degree of control to structured light in addition to the helical phase. By using asymmetrical helical

light as a chiral probe, two extra degrees of freedom are gained to study chiral interactions:

1. The theoretical unbounded I-value, which increases the number of intertwined twists within the helical

pitch which in principle could increase the chiral sensitivity with the [-value.

2. The asymmetrical parameter §, affects the field strength and the field gradient around the optical vortex.

By displacing the singularity of the left- and right-handed helical light, the absorption difference between
the light’s handedness can be stabilized, leading to a non-zero differential absorption across a range of pulse
energies, but only beyond the nonlinear onset. Furthermore, the behaviour in the differential absorption was
observed to flip as the d-position traverses the origin (see figure 4.2). The differential absorption was also found

to be present in achiral molecules, due to the additional broken symmetry in the OAM beam.

We define two types of helical dichroism by using helical light as the optical probe.

1. HD(Type I) is the difference in absorptance of left and right-handed helical light for a fixed sample

(chiral, achiral). This is analogous to a typical CD.

HD(Type I) = A(+1, s, £d) — A(—1, +s,+0) (4.1)

2. HD(Type II) is the difference in absorptance between two chiral materials for a specific handedness of

the helical light.

AR(7 :I:Sa :l:a) _ AS(a Zl:S, ia)

HD(Type II) =
(Type D) = s 20) + As(, £5, £9)

(4.2)

According to our results, the two main terms contributing to any form of dichroism are E1IM1 and E1E2
coupling terms. These multipole interaction terms are expressed in terms of the electric-magnetic dipole coupling
and the optical chirality E;M; o< Im [p79m2™] Im [E* - B] which is used to describe conventional CD. And, the
electric dipole-quadrupole coupling combined with the optical helicity E1Eo <u;”90i7g> oRe [§\E . E*} which
is used to describe HD. These are written for a single photon transition but can be expanded to multiphoton
absorption, see supplementary of "nonlinear helical dichroism of chiral and achiral molecules". To describe the
bulk response of the isotropic medium, the E1IM1 and E1E2 coupling terms must be averaged over all degrees
of molecular orientation. For partial orientation of the molecules, due to the laser-induced dipole force (see
article), we consider anisotropic averaging ({)), where p is an orientation-dependent weighting factor influenced

by the degree of molecular alignment.

For a weak field, the E1E2 does not contribute to differential absorption due to the rotational averaging

killing the term (,ugm 02?). The field is not strong enough to partially align a subset of molecules.
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Additionally, the E1E2 term also does not contribute to differential absorption for nonlinear absorption of
circularly polarized Gaussian beams due to the Re {6]\3 . E*} being identical for both left- and right-handed
CPL and additionally the dipole force averages to zero over the interaction region. This is also the case for the
transmission of strong-field symmetrical OAM beam, even though the field gradient is not identical for left- and
right-handed helical light, the dipole force is symmetric and also averages to zero over the interaction region

(see supplementary section on optical dipole force).

However, for the nonlinear transition of asymmetrical helical light, the Re {ﬁ*] . E*} term survives due to the
presence of the helical phase and asymmetrical parameter in the electric field. The gradients are not identical
for left- and right-handed and the dipole force does not averages to zero and gives rise to HD. Therefore, within
this intensity regime, the E1E2 term survives only for nonlinear absorption of left- and right-handed asymmetric

OAM beams.

4.3 PARITY OF HELICAL DICHROISM

Parity-time symmetry can beautifully describe the symmetry properties of the problem and is the traditional ap-
proach for chiral-matter interaction. However, it does not fully describe our experimental observation. Nonethe-
less, it gives a quick qualitative understanding of the importance of E1E2 to HD. Table 4.3 shows the space and

time parity of electromagnetic quantities [88].

H Quantities Time parity Space parity H

Electric field +1 -1
Electric field (Gaussian mode) +1 -1

Electric field (LG mode) +1 (—1)lH+1
Electric dipole +1 -1
Electric quadrupole +1 +1
Magnetic field -1 +1
Magnetic field (Gaussian mode) -1 +1

Magnetic field (LG mode) -1 (=)l

Magnetic dipole -1 +1
Gradient +1 -1
Complex number -1 +1

Table 4.1: PT symmetry of quantities used in CD and HD.

First, recall the PT symmetry for the E1M1 transition for a circularly polarized Gaussian beam incident on

a chiral system.
1 ) 1 .
PT{FElMl} - PT{gIm [ 9mg™)] , Tm [E ~B]} = —Im [ 'mg"] s Im [E" - B] (4.3)

Therefore, EIM1 transition are odd under PT symmetry. This is known as true chirality because it is

parity-odd and time-even pseudoscalar. Therefore, the PT symmetry of conventional CD for Gaussian beams,
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PT{CD R} = —CDg, is odd under parity-time symmetry [14]. CD is odd under space inversion; therefore, it

can be considered “true chirality”.

The PT symmetry for E1E2 transition for an asymmetrical helical light beam

PT{FElEz} — PT{<ugweggl>,JRe [ﬁ (41, +0) - E* (il,ﬂ)] } — (U969 Re [ﬁ (FI,F4) - E* (:Fz,:F(S)]

(4.4)

where for an achiral system is PT{(MZL59g$>p} = —(up'907%), and for a chiral system is PT{(MQ%?&E} =

—{um9 92}?) f .The time reversal changes the sign of the OAM value, and the parity changes the displacement of
singularity for asymmetrical LG beams. Therefore, the optical helicity is odd under PT symmetry and the E1E2
transition is even under PT symmetry. From the PT symmetry of E1E2, we can conclude that HD(Type I) is
odd under parity and time symmetry. Since the optical helicity changes under time reversal and space inversion,
this could be considered as “false chirality”. Additionally, HD(Type II) is odd under time-parity symmetry. This

is purely due to the space inversion of the material and could be considered “true chirality”.

4.4 NONLINEAR HELICAL DICHROISM IN CHIRAL AND ACHIRAL MOLECULES

Here we demonstrate, the first direct observation of HD in both chiral and achiral molecules in the liquid phase
without the use of any intermediary. Our approach is based on probing helicity-dependent nonlinear absorption
of asymmetric helical light beams propagating through the liquid sample. We show that enantio-selectivity is a
phase effect that scales linearly with the OAM value. We model light-matter interactions by considering induced
multipole moments, through the averaged energy absorbed, and time-dependent perturbation theory, through
the rate of absorption, to show that HD arises from the coupling of electric dipole and quadrupole terms, and
can be tuned. The supplementary includes additional experimental results and a series of experimental checks to
validate our observation (the measured single-shot beam profile, pulse spectrum, OAM value after transmission
through the samples, transmission in the absence of the sample). It also includes optical dipole force calculation,

fluence calculation and the extension to multiphoton absorption. The major advances of our work are:

(i) We introduce a conceptually new form of chiroptical detection based on the nonlinear absorption of

polarized asymmetric helical light beams in the liquid phase.

(ii) HD(Type I) is tunable by displacing the singularity present in an OAM beam. This allowed us to make

the first observation of helicity-dependent absorption in achiral systems.

(iii) HD signal scales with the OAM value, which in principle has no upper bound, and can be further controlled
by varying the laser ellipticity. This unique feature does not exist in chiroptical techniques, such as CD,

that exploit only laser polarization as a chiral probe.
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(iv) HD does not require tuning the laser wavelength to specific resonances, applied external static electric or

magnetic fields, and sample preparation.

(v) The underlying principle is general and applicable to a large variety of molecules, irrespective of their

structural symmetry. It is also extendable to different phases of matter.

Our work shifts the paradigm of chiroptical detection from using laser polarization to the optical helical phase.

It opens a new, so far unexplored direction of research in next-generation chiroptical spectroscopy.

Figure 4.3: Illustration of a limonene enantiomers in a cuvette being irradiated by left- and right-handed asymmetrical
helical light. The transmitted light depicts the difference in absorptance.

Authors contribution: My colleague Ashish Jain and I contributed equally to this work. The contri-
butions spanned all aspects of the research, experimental measurements, and theoretical advancements includ-
ing the conception and design of the study, data collection and analysis, manuscript preparation and revision.
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Chiralinteractions are prevalent in nature, driving a variety of biochemical
processes. Discerning the two non-superimposable mirror images of a chiral
molecule, known as enantiomers, requires interaction with a chiral reagent
with known handedness. Circularly polarized light beams are often used as a
chiralreagent. Here we demonstrate efficient chiral sensitivity with linearly
polarized helical light beams carrying an orbital angular momentum of
+lh,inwhich the handedness is defined by the twisted wavefront structure
tracing aleft- or right-handed corkscrew pattern as it propagates in space.
By probing the nonlinear optical response, we show that helicity-dependent
nonlinear absorption occurs eveninachiral molecules and canbe
controlled. We model this effect by considering induced multipole moments
inlight-matter interactions. Design and control of light-matter interactions

with helical light may open new opportunities in chiroptical spectroscopy,
light-driven molecular machines, optical switching and in situ ultrafast
probing of chiral systems and magnetic materials.

Our understanding of light-matter interactions is mainly based on the
propagation of homogeneously polarized light and the dominance
of the dipole-active transitions between different quantum states of
matter. Higher-order multipole effects are oftenignored. The strength
of dipoletransitions is governed by the frequency, intensity and polar-
ization of the incident light. The optical phase, represented by the
wavefront of the light beam, plays a minimal role in such transitions.
Within the dipole approximation, chiral systems are often studied using
circularly polarized light (CPL), in which the dynamical rotation of the
electric-field vector around the propagation direction yields an effec-
tive spinangular momentum (SAM) +A, and therefore the handedness.

Two correlated optical techniques are widely used to probe chiral
systems based on the propagation of polarized light through a chiral
sample: circular dichroism (CD) and optical rotation (OR). In CD,
left-CPL and right-CPL are absorbed differently in the two enantiom-
ers, leading to differential absorption'* In OR, on the other hand,
left-CPL and right-CPL travel with unequal velocities in the two enan-
tiomers, leading to polarization rotation®*. The chiral sensitivity of CD
is poor, on the order of 0.01-1% (ref. °), because it involves coupling
of electric and magnetic dipole transitions. CD can be enhanced by

employing super chiral light®, plasmonic structures”® and strong field
techniques usingelliptically polarized light®"°. A distinct gas-phase chi-
roptical technique that has emerged inrecent yearsis photo-electron
circular dichroism (PECD). In PECD, photo-ionization of a chiral mol-
ecule results in an asymmetric photo-electron angular distribution
for the two enantiomers™. PECD is due to pure electric dipole transi-
tions, so its efficiency is one to two orders of magnitude larger than
that of CD*".

Light can also carry orbital angular momentum (OAM) of +/h
associated with dynamical rotation of the wavefront structure ™. The
handedness of such helical light beamsis defined by the twisting of the
wavefront undergoing /intertwined rotations in one wavelength. This
additional degree of freedom influences the characteristics of light-
matter interactions. The angular distribution'®, time delay"” and dynam-
ics of photo-electrons'" canbe modified during the photo-ionization
of atoms and molecules. Also, the OAM of light can be transferred to
matter either externally by exerting a torque (as in optical tweezers®
and Bose-Einstein condensates®?) or internally by rotating the elec-
tron distribution and resulting in modified selection rules for transi-
tions that depend on the topological charge [ (refs. >**).
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e-mail: ravi.ohardwaj@uottawa.ca

Nature Photonics | Volume 17 | January 2023 | 82-88

96



Article

https://doi.org/10.1038/s41566-022-01100-0

The possibility of no upper bound on the [ value, while SAM can
assume only two defined values, has generated substantial interestin
using helical light beams carrying OAM as a chiral reagent. Early studies
on chirality with twisted photons were not promising. Most experi-
ments were performed in the linear absorption regime®?®, whereas
theory focused solely on the coupling of the electric and magnetic
dipole transition moments responsible for conventional CD?. Helical
dichroism (HD), analogous to CD, was demonstrated by exploiting local
field effectsinmolecules adsorbed on nanoparticle aggregates®, chiral
metasurfaces® and non-chiral nanostructures®. Coupling of the OAM
of light withamaterial’s chirality without any intermediary was recently
showntorequire higher-order transition moments tobe engaged along
with SAM to observe any chiroptical effects®*.

Inthis Article weintroduce a conceptually new form of chiroptical
detection technique based on nonlinear absorption of linearly polar-
ized helical light beamsintheliquid phase. We first demonstrate enan-
tioselectivity inchiral molecules, directly without any intermediary, by
probing the differential absorption between the two enantiomers for
a specific helical light—we call this HD(Type II). Second, we show the
differential absorption of left- and right-helical light inisotropicachiral
and chiral molecules—HD(Type I)-which can be precisely controlled
by displacing the singularity presentinan OAM beam. Third, we reveal
that HD(Type ) is scalable by changing the OAM value and that it can
be further controlled by varying the laser polarization. This feature
does not exist in polarization-based chiroptical techniques, such as
CD. Finally, we show that HD(Type |, II) is a phase effect and does not
necessarily require CPL. To understand HD, we model the light-mat-
ter interaction by considering multipole expansion. We find that HD
arises from coupling of the electric dipole and electric quadrupole
terms, and that it can be tuned by changing the laser polarization in
addition to the OAM value.

To probe the dichroism, we measured the absorption of loosely
focused femtosecond Gaussian and helical light pulses propagating
through aliquid sample contained in a cuvette, as shown in Fig. 1a. A
g-plate converted incident Gaussian light to an optical vortex beam
(OVB) carrying an OAM value thatis two times the topological charge,
q (refs.”***). Further experimental details are provided in the Methods.
Normalized transmission of left- and right-circularly polarized (s = +1)
helical light (/= +1) is shown in Fig. 1b as a function of the peak laser
fluence in S(+)-fenchone, C,,H,;0. For each successive laser pulse, the
energy was varied using a combination of half-wave plate (HWP) and
polarizer, and a fresh sample region was irradiated by translating the
cuvette. Each curve in the figure is an average of three independent
measurements, and the colour band represents the statistical stand-
ard error. At low peak laser fluences, absorption is negligible and all
curvesoverlap. Thelaser fluenceis not sufficient toinduce multiphoton
transitions. At the onset of multiphoton absorption (-1.4 ) cm™), the
transmission starts to decrease monotonically. For a given helicity,
transmission is nearly identical for left- and right-CPL, except at flu-
ences greater than-2.2J cm™

The normalized chiral signal in fenchone, defined as HD

(Typell: £1; £s) = p e L) (see Methods for notation), is shown
D(xl; £5)+L(£; %)

in Fig. 1c (solid lines). For a Gaussian beam (/= 0), the chiral signal is
less than 1% (dashed lines). Overlap of the signal with the error bands
represents the sensitivity of our experiment. The chiral signal is
enhanced significantly when the helical phase is introduced to the
incident beam by switching from a Gaussian beam to an OAM beam.
For[=+1,HD(Typell) is -5%. However, SAM associated with light polari-
zation appears to play a minimal role. For a given helicity, the chiral

signals for left- and right-CPL nearly overlap with each other within
experimental error, similar to the Gaussian beam.

To isolate the role of SAM and OAM, we performed experiments
with linearly polarized (s = 0) helical (£/) and Gaussian beams. It is
worth noting that multiphoton absorption cross-sections depend

on the laser polarization and are typically higher for linear than cir-
cular polarization®. Figure 2a,b shows HD(Type II) in fenchone as
afunction of peak laser fluence for [=+1and [ = +2, respectively. The
results for limonene (C,,H,¢) are shown in Supplementary Section 1.
Also shown in Fig. 2a is the differential absorption of two orthogonal
linearly polarized Gaussian beams (dashed lines). The chiral signal in
fenchoneincreases with laser fluence, reaching amaximum of -4-6%,
and alsoincreases with the helicity (/value) of the beam (Fig. 2a,b). For
[=2,the onset of nonlinear absorption occurs at higher pulse energies.
In experiments with different [ values, the pulse energies were always
varied from below the threshold for the onset of nonlinear absorption
to approximately twice the threshold value, as shown in Fig. 1b. This
ensured that the nonlinear response regime we investigated remained
the same (-10® W cm™), even though the peak fluence of OAM beams
depends on the [ value®® (Supplementary Section 8). Chiral discrimi-
nation with linearly polarized helical light beams demonstrates the
prominent role of the optical phase associated with the OAM of light.

Generally, differential absorption defined by HD(Type I) = A
(+1,s) - A(-1, s) isnotexpected inisotropic achiral molecules with CPL.
This is also true even with helical light”. We did not observe any dif-
ferential absorption of linearly polarized helical light with symmetric
OAM beams where the nullintensity regionis at the centre of the beam.
However, when the singularity in the OAM beam s displaced from the
centre, achiralmolecules with different point group symmetries exhibit
dichroism (Fig. 3). The singularity within the focal region of a focused
OAM beam can be shifted either by (1) detuning the g-plate, leading
to a superposition of the incident Gaussian beam with the converted
OAM beam®, or (2) physically shifting the centre of the g-plate with
respect to the incident beam. We used the latter technique, because
the former gives rise toa Gaussian componentin the transmitted beam.
Theresultantasymmetric OAM beamintroduces anasymmetry in the
intensity profile in the focal region, as shown in Fig. 3a. The orienta-
tion of the laser polarization is perpendicular to the displacement
of the singularity. In the experiment, alignment of the singularity at
the centre of the OAM beam can only be defined before the objective,
which translates to an uncertainty ~+100 nmat the focus (see Methods
for calibration details).

Figure 3b presents the differential absorption of linearly polarized
helical light (/= +1) in achiral molecules, HD(Type I), with no inversion
symmetry—acetone (C;H,0), methanol (CH,OH) and air—for different
positions of the singularity in the focused OAM beam. The differential
absorptionisaveraged over afluencerange fromthe onset of nonlinear
absorption (which depends on the ionization potential) in the normal-
ized transmission curve to-2 ] cm™ Inacetone (blue curve) and methanol
(red curve), differential absorption exhibits a sinusoidal behaviour,
with a change insign as the singularity traverses the zero position from
-1.8 um to 1.8 um. The small variation in the zero-crossing point for
the two molecules (-100 nm) is due to uncertainty in the position of
the singularity. Helicity-dependent absorption does not exist in air
(empty cuvette in the experiment) and is independent of the position
of the singularity (black curve). This represents the background noise
introduced by our experimental set-up (Supplementary Section 5).
Helicity-dependentabsorptionin benzene (C,H,), amolecule with inver-
sionsymmetry, isshownin Fig.3c (black curve). The observed behaviour
issimilar to that of non-centrosymmetric molecules (Fig. 3b), suggesting
that the HD signal does not appear to depend on molecular symmetry.

To disentangle the roles of phase and field gradients in an asym-
metric OAM beam, we studied the differential absorption of a circu-
larly polarized, non-OAM, annular beam that mimics the profile of a
Laguerre-Gaussian (LG) beam with zero OAM value (Supplementary
Section 6). Dichroism in R(-)-fenchone (green curve), S(+)-fenchone
(red curve) and acetone (blue curve) isindependent of the position of
the singularity andis less than 1%, within the standard error. Absence of
differential absorption confirms that helicity-dependent absorptionin
achiral moleculesis a phase effect and not only due to field gradients.
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for three independent measurements (sample size). These experimental results
were reproduced multiple times under identical conditions.

Figure 4apresentsthe HD(Typel) signalinlimonene enantiomers
for different positions of the singularity in an OAM beam. The spatial
variation of HD(Type I) exhibits the same behaviour as achiral mole-
cules (Fig.3b,c). The key difference is that with asymmetric OAM beam,

the helicity-dependent absorptioninthe two enantiomers is different,
resulting in non-zero chiral signal given by HD(Type Il). Figure 4b,c
show that the HD(Type II) signal in limonene as a function of peak
laser fluence is weakly dependent on the position of the singularity
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AT = ffg [T+ — 1] dxdyis the differential optical helicity representing the
E1E2 coupling term (see main text for details). The error bars represent the
propagation error of the chiral signal for three independent measurements
(samplessize).

within the OAM beam. They were obtained when the singularity is at
the positions marked by solid rectangles in Fig. 4a. Similar results were
obtainedforfenchone (Supplementary Section1). HD(Typell) signalsin
limonene (Supplementary Fig.1) and fenchone (Fig. 2) are of opposite
sign (Methods). Although the HD (Type Il) signal is not affected by the
location of the phase singularity, it is much more stable with an asym-
metric OAM beam. The results were also found not to depend on the
laser focus position inside the cuvette. The effects of propagation of
intense light pulses through the sample were negligible (Supplemen-
tary Sections 2 and 4).

To understand the chiral light-matter interaction, we modelled
therate of excitation (/') of the molecule using time-averaged induced
multipoles (Methods). The coupling terms involving the electric-mag-
netic dipole (EIM1) and electric dipole-quadrupole (E1E2) moments
(equation (8)) are pseudoscalars, so they change sign under improper
rotation, contributing to HD(Type I, I) (equations (10) and (11)).
HD(Typel) was modelled by evaluating equations (9) and (10), assum-
ing full alignment, using the experimental parameters (equations
(12)-(19); w = 2.35 x 10¥ Hz, w, = 2 pm) and approximating the response
tensors G’ and A” with scalars (or pseudoscalar)*°. The EIM1 term van-
ishes because we take the difference between left and right-helical
beams for the same polarization. Hence, the E1E2 term is the major
contributor to the HD(TypeI) for asymmetric OAM beams.

Figure 5a depicts the modelled E1E2 term (described in terms of
differential optical helicity AY) for different polarizations, described
by ellipticity €. The magnitude of differential absorption is maximal

for circular polarization (€ =1), decreases with ellipticity and goes to
zero for perfect linear polarization (e = 0). This is in agreement with
the experimentally observed sinusoidal behaviour of HD(Type ) for
the chiral molecule shown in Fig. 5b and the achiral molecules shown
in Fig. 3b,c. The minimum ¢ value achieved experimentally was 0.05.
Inthe experiments, the displacement of singularity is restricted by the
focal spot, whereas the modelling of the EIE2 term does not include
such boundary effects. As a result, at the extreme positions of the
singularity in the experiment, theintensity profile mimics asymmetric
Gaussian, leading to zero gradient force (Supplementary Section 9)
and subsequently no differential absorption. However, in the model-
ling, the intensity profile does not converge to asymmetric Gaussian.

For asymmetric LG beams, the modelled E1E2 term predicts a
higher magnitude of differential absorption for higher values of /, as
shown in Fig. 5c. Figure 5d shows experimental HD(Type I) for asym-
metricLGbeamsinlimonene for two different OAMvaluesof [ = +1, +3
The magnitude of HD increases withthe /value, in agreement with the
modelled E1IE2 term, where the limonene response tensor is approxi-
mated as a scalar quantity. The E1E2 term is non-zero even for asym-
metric non-OAM annular beams. However, because there is no [
dependence, HD(Type I) does not exist, as shown in Fig. 3c for the
non-OAM, annular beam obtained through Fresnel diffraction.

The contribution of the E1E2 term to the HD signal also depends
on the laser fluence. This vanishes at low laser intensity where the
degree of molecular alignment is negligible. The extent of molecular
alignmentwithan~100-fslaser pulse depends on (1) the laser intensity
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(-10® W cm™), (2) the molecular polarizability and (3) the temperature
and/or solute effects” . As the laser intensity increases, any degree
of alignment in an asymmetric OAM beam is sufficient for the EIE2
term to be non-zero, and its contribution to the HD signal increases,
asobserved in the experiments (Figs. 3 and 4).

Our technique affords tunability of OAM-dependent differen-
tial absorption in both chiral and achiral systems by (1) changing the
ellipticity of the laser polarization (Fig. 5a,b), (2) varying the [ value
(Fig.5c¢,d), (3) superimposing Gaussian and OAM beams to manipulate
the field distributions and (4) shifting the singularity. The technique
is quite general and can be extended to chiral and achiral transparent
solids, plasmonic metasurfaces and gas-phase molecules. The OAM of
light offers an additional degree of freedom to control light-matter
interactions. This opens new opportunities in next-generation chirop-
tical spectroscopy, asymmetric catalysis and light-driven molecular
machines, where ultrashort light pulses can trigger interconversion
of enantiomers for dynamic control of chirality.

A key advantage of using helical light is that the HD signal scales
linearly with the [ value, as predicted by our qualitative model. In
Fig. 5, alinear increase in differential absorption was observed by
changing from [=1to [=3. Our model predicts a linear behaviour
until /=15, therefore, anincrease in differential absorption by afactor
of 15relative to [=1. However, at very high [ values, saturation behav-
iour can be expected, as observed recently in chiral nanostructures®,
due to the increase in the size of the singularity and the finite beam
waist determined by the focusing geometry. The enhanced differen-
tial absorption with asymmetric OAM beams at higher / values can be
utilized in molecular optical switching for digital processing, in which
light transmission can be controlled with helicity.

Another unique feature of the scaling behaviour of the HD signal
is that it leads to higher chiral sensitivity. In contrast, the sensitiv-
ity of current chiroptical techniques that rely on light polarization
is predetermined by the nature of the light-matter interaction,
which is not scalable. In fenchone, the chiral signal increased from
~4%to~6% when [was varied from1to 2 (Fig. 2). However, the chiral
signal in limonene did not show such dependence. Although the
[ dependence of the chiral signal needs further investigation, the
sensitivity of our technique is comparable to PECD and two-photon
absorption CD*.

The demonstrated differential absorption in liquids suggests
a degree of control over the ionization of gas-phase molecules
when irradiated with an intense helical light beam. In addition to
polarization and magnetic field, the OAM of light represents another
parameter to control the continuum trajectory of ionized electrons.
The OAM of light, together with a transverse magnetic field and
longitudinal electric field, generate chiral continuum electrons
scalable with the [ value. In contrast to single-photon ionization,
chiral electron trajectories generated by tunnel ionization have
attosecond resolution and can be used to probe chiral dynamics
with attosecond precision.

Finally, the chiralmotion of free electrons also results inamagnetic
field along the laser propagation axis that can be controlled via the
optical OAM. The magnetic field willbe dominant around the singular
partofthe beamwhere the electric field is weak. For OAM single-cycle
pulses, the magnetic field can be switched on a timescale of -1 fs. This
opens a potentially new way to in situ, ultrafast probing of magnetic
materials.

Online content
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Methods

Differential absorption measurements

A Ti:sapphire laser amplifier system, operating in an external trigger
mode and producing 45-fs, 800-nm pulses with a maximum pulse
energy of 2.5 mJ, was used in the transmission measurements. An
aspheric objective lens (numerical aperture (NA) of 0.3) was used to
focus the femtosecond pulses into a cuvette (10-mm thick) contain-
ing liquid samples of chiral or achiral molecules. A second aspheric
objective withthe same or higher NA (0.5) collected and collimated the
transmitted light onto a photodiode (PD2), positioned immediately
after the objective. For every laser shot, the transmitted light signal on
PD2 was normalized with the incoming light signal on PD1, reflected
offaglass plate positionedin the beam pathatanangle of ~20° to avoid
Brewster’s angle. The signals generated by PD1and PD2 were stretched
by an electronic pulse stretcher, discretized, and recorded by a data
acquisition card. Acombination of an HWP and a polarizer was used to
vary the pulse energy (power controlin Fig.1a). Theincident pulse ener-
gieswere measured before the objective. During the measurement, for
every laser shot, the pulse energy was increased by -3 n and the sample
was translated by 5 um to avoid microbubbles. Multiple transmission
curves similar to those in Fig. 1a were obtained for each sample, to be
averaged and smoothed. The difference inthe normalized transmission
of left-andright-helical light (/= £1) is proportional to HD(Type ) (that
is, differential absorption). To ensure ashortest pulseintheinteraction
region, a negative chirp was introduced and optimized by measuring
the second harmonic generationinabariumborate crystal placed at the
location of the cuvette. A single-shot autocorrelator then continuously
monitored the pulse duration. The pulse duration at the interaction
regionis~100 fs. Transmission measurements were always performed
in an empty cuvette before each experiment to determine and mini-
mize background errors resulting from any discrepancies between the
PDs (Supplementary Section 5). In addition, the measured single-shot
beam profile, pulse spectrum and OAM value remained unchanged
after transmission through the samples (Supplementary Sections 2-4).

Sign dependence of HD in chiral molecules

We used conventional labelling of a chiral molecule by the sign of the
direction of rotation of polarized light, dextrorotatory (D; +) and levo-
rotatory (L; —). Chiral molecules are also labelled as (S)- and (R)- based
on their absolute chemical configuration, representing the left- and
right-handed isomers. This labelling refers to the spatial orientation of
groupsatthe chiral centre and not to the optical rotation of polarized
light. As a result, it is possible for an isomer to be S(+), S(-), R(+) and
R(-).Thesigndependence of the HD signals arises from optical rotation
by anenantiomer. HD(Typell) signalsin fenchone (Fig.2) and limonene
(Fig.4b,c) are of opposite signs because they rotate the plane of linear
polarizationin opposite directions. R(+)-limonene and S(+)-fenchone
rotate the plane of polarization clockwise, and S(-)-limonene and
R(-)-fenchone rotate counterclockwise.

Generation of OAM beams

Light beams carrying orbital and/or spin angular momentum were
generated and controlled by an OAM/SAM unit (Fig. 1a) consisting
of a combination of a HWP and quarter-wave plates (QWPs), a linear
polarizer (LP) and abirefringent liquid-crystal-based phase plate called
ag-plate®. When an incident Gaussian beam propagates through the
g-plate with a topological charge g, it acquires an OAM defined by
[=+2q,withaphasesingularity and hence anullintensity region atthe
centre of thebeam—an optical vortex. The wavefront structure of such
beams undergoes /intertwined rotations in one wavelength, and the
direction of rotation is determined by the sign of the input polarization.
The conversion efficiencies of the g-plates were 91+ 2% for /=1, 3 and
~80 + 2% for [=2. Circularly (linearly) polarized Gaussian beams were
produced by a QWP. The ellipticity of CPL at the sample was 97 + 2%.
Circularly (linearly) polarized OAM light s=+1, [=+1(s=0, [= 1) was

generated using a combination of QWP, g-plate, QWP, LP and QWP.
Theellipticity of circularly (linearly) polarized OAM light reaching the
sample was 95 + 2% (5 +2%).

Generation of annular beams and displacement of singularity

An annular light beam with no OAM (/= 0) was generated by a circular
aperture and exploiting the Fresnel diffraction of the incident Gaussian
beam to produce an Airy pattern beam with a null region in the centre
ofthe beam (Supplementary Section 6). A Galilean beam expander and
QWP were used to magnify the beam by a factor of four and produce
circular polarization. The singularity/null intensity region in the OAM
(non-OAM beam) beam was displaced by translating the g-plate (circular
aperture), mounted on ax,y-stage, withastep size of 250 + 40 pm. When
focused by the objective, this translated to a displacement step size of
300 +20 nmwithrespecttothe centre ofthe beam. The calibration was
achieved by measuring the total translation required to displace the sin-
gularity tothe periphery of the defocused beam and comparingitto the
measured spotsize of 2 + 0.2 pm obtained by knife-edge measurements.

Multipole expansion of the light-matter interaction

We consider amonochromatic electromagnetic field incident on a mol-

ecule. The resultant time-harmonic charge and current distributions are

described by amultipole expansion. The single-photon rate of excitation of

themoleculewasexpressedintermsoftime-averaged induced multipoles.
Theinduced electric-dipole i, electric quadrupole #and magnetic

dipole m, are expressed in multipole expansion terms as**®

_ - a o L ledq g
o =2 dapbp + X GapBp + 5 2 AapyEpy;
B B By
9aﬁ = Ey:ayaﬁf ; 0

My = %:Xaﬂgﬁ + %gaﬁgﬁ

where the Greek alphabet represents the Cartesian indices. a,gis the
electric dipole polarizability, ¥,sis the magnetic susceptibility, A, is
the electric dipole-quadrupole polarizability, where 4,4, = a,45 and
G,pisthe electric-magnetic dipole polarizability, where G5 = —&,; The
field gradient V,4E, is defined by Eg, (refs. ¥~*). The complex electric
and magnetic fields are defined as E (¢) = Eje~‘and B (¢) = Bye~*“ where
E;and B, are arbitrary complex vectors and w is the frequency of the
incident light, The terms with tilde are complex quantities

’

Qop = 00,5 + iat’x’ﬁ = &;‘m, Anpy = A"wy +iA;ﬁy =Aypand Gyp = Gz,w + iG;’ﬂ.
The dynamic multipole interaction Hamiltonian**®is given by
1
Hine = —pobq — _Gaﬁfap —myB, — ... 2)

3

The rate of change of the Hamiltonian gives the rate of energy
absorption by the induced multipoles**%, that is, energy absorbed
fromthe EMfields, expressed in terms of time average:

. . 1,
r= <paEa + 1By + 519‘,,;15“,;> @)
t
where j1, i, 0, E, = %(E‘ae"”‘ +Eet) and B, = %(Bae—"“f + Bie“t) are

real quantities. By considering the component of dipole moment along
the electric field direction, we replace S with a (ref. *’) to get

W (ExE o W, rEE
I'n_p = 7% (E;;Ea + EﬁEa) = Ipp= 5 %aa [EE}] 4)
Magnetic dipole-dipole excitation (M1-M1) is given by

W, (B B, B DB B
Tyn-mn = 2 Xap (BBB& + /;Ba) = Dyan = szm [B.B;] S
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Electric-magnetic dipole excitation (E1-M1) resultsin the interac-
tion of the electric field with the electric dipole momentinduced by the
magnetic field and vice versa. The expressionis given by

iw ’ P = B w , s B
Iy = 7 <szﬂ>p (B/lE; —Eq ﬂ) = Ipm= EPGmlm [ExBs] (6)

Todescribe the bulk response, the tensor quantity G, ;must beaver-
aged over all degrees of molecular orientation. For partial orientation of
molecules, duetothelaserinduced dipole force (see below), we consider
anisotropicaveraging (Gop)p = PG wherepisan orientation-dependgnt
weighting factor influenced by the degree of molecular alignment®*',

Electric dipole-quadrupole excitation (E1-E2) arises from two
contributions: (1) the interaction of the electric field with the electric
dipole momentinduced by the field gradient and (2) the interaction of
thefield gradient with the quadrupole momentinduced by the electric
field. The expressionis given by

Inp=% <Aaﬁy>p [VoE By + EVBEs | = Tnpa = 3PAwRe[EVaE)] ()

We consider anisotropic averaging (A 50 = PAG where pisan

afy aay’
orientation-dependent weighting factor influenced by the degree of
molecularalignment. For complete alignment (p =1), considering the
principal molecular axisis oriented along the propagation axis (y), the
tensor quantity can be expressed as Ayg)p = Ay + Agy) (ref. ¥).
Because the dominant contributionto the dipole momentisalongthe
electric field direction (a), welimitto Ay,,. This tensor quantity vanishes
for randomly oriented molecules, p = 0 (isotropic averaging). The
higher multipole transitions suchas EIM2, E2M1and E2E2 areignored
because the molecular response tensor for these transitions is very
small. The total rate of excitation is a sum of all four absorption rates
for an asymmetric LG beam:

&

rs= g [a"ngfll +x'1Bz12 +pG'Im [(Ez)" - BE | + §pA~Re [(B) - vEE|
E1E1 MiM1

EIM1 E1E2

(8)

The §is the asymmetrical parameter, 6 = 0 forasymmetricLGbeam
and 6 # Ofor anasymmetric LGbeam. The signin "*represents the sign
ofthe OAM. The above equationis generalized to multiphoton absorption
(Supplementary Section 10). E1 and M1 are the electric and magnetic
dipoles, respectively,and E2is the electricquadrupole. The coupling terms
EIM1 and E1E2 are pseudoscalars and change sign under improper rota-
tion. Foraspecific chiral system, the sign change of these quantitiesupon
reflection would lead to non-zero differential absorption, defined as

Wo
AW = f HD (Typel, II) dxdy 9)
—ap

and integrated over the beam cross-section. HD(Type ) is defined as
the difference between the absorption of left-and right-handed helical
light for the same molecule (Figs. 3 and 4a):

HDs (Typel) = I} — Iy = G'[Ct —C ]+ A" [Y*=Y~]  (10)

HD(Type Il) is defined as the difference in absorption between
the two enantiomers for a specific helicity and polarization (Figs. 2
and4b,c):

HD} (Typell) = If — I'¥ = C*[G), — G, | + T+ [A} - A7 an

alocal measure of the degree of circular polarization, and we define
= %"’Re [(Ef)* -VE;']asopticalhelicity. Bothare time-even psuedos-

calars. Optical chirality is often used to describe the phenomenon of
CD in molecules®**? and metasurfaces®**>**, Optical helicity, ¥, is a
quantity describing the handedness of helical light. It contains the
gradient of the electric field, giving rise to a linear [ dependence. The
above equations, assuming full molecular alignment, show that the
chirallight-matter interaction depends on both molecular transitions
(containedin G’and A”’) and optical chirality C, and optical helicity, Y.
The contribution of the EIE2 term was modelled in Fig. 5by considering
the optical helicity term ¥'(dominant component defined by approxi-
mating A” as ascalar).

The following qualitative behaviour emerges by evaluating equa-
tions (9) and (10) for HD(Type I) and equations (9) and (11) for HD
(Typell):

« HD(Typel)isabeam-dominated property and does not exist for
symmetric LG beams. For asymmetric LG beams, the EIM1
term vanishes (because we take the difference between the
left- and right-helical beams for the same polarization) and the
E1E2 coupling termis non-zero. For a circularly polarized Gauss-
ian beam, the EIM1 term is non-zero and gives rise to conven-
tional CD.

« HD(Typell) is a material-dominated property where both EIM1
and E1E2 coupling terms contribute to differential absorption
for asymmetric LG beams. For symmetric LG beams, the E1E2
term averages out to zero, but the EIM1 term is non-zero and can
contribute to HD. EIM1 and E1E2 are of similar magnitudes**.
For asymmetric LG beams with the same polarization but differ-
ent helicities, the EIE2 term is responsible for the change in the
sign of the HD curves. Because the E1IM1 term changes sign only
with polarization, its finite magnitude leads to an offset in the
HD curves (Fig. 4b,c).

The E1E2 coupling term is often ignored because it vanishes for a
random orientation of molecules due to rotational isotropic averaging.
However, if the molecules are preferentially aligned, the quadrupolar
interactions containing A” cannot be neglected*. This is the case for
asymmetric LGbeams, inwhich the spatialinhomogeneity intheintensity
profile at the interaction region gives rise to an optical dipole force
definedbyF = alve? + a% (E x B), where the first term defines the gradi-
entforceandthesecond termthescattering force, which canbe neglected
when the Poynting vector remains constant over an optical cycle. A net
non-zero force is exerted on the induced dipoles directed towards the
extremaofthe radiationfield (Fig.3a). The resultant torque preferentially
aligns the molecular axis parallel to the polarization plane”, leading toa
non-zeroaveraged E1E2 contributionto HD. The EIE2 contribution toHD
vanishesfor symmetricLGbeamsbecause the gradientforceiszero. The
E1IM1termis non-zero even for randomly oriented molecules.

Asymmetric LG beams
Weintroduced anasymmetry parameter, §, into the symmetric LGbeam
to obtain an asymmetric LG beam. We also consider the longitudinal
component of the field (E,) as a correction to the paraxial regime®®>
totake into account its finite / (OAM) contribution. Theimportance of
the longitudinal componentin the light-matter interaction has been
recently demonstrated in differentiating nanoparticle aggregates using
helical light?®. When light is focused tightly using a higher-NA objective,
the contribution of the longitudinal component becomes significant.
For arbitrary polarizationin the paraxial regime, the field compo-
nents can be written as

Uy (x,y.2) =
where R and S represent the two enantiomers. The parameter RPN ) (12)
NI . V2((xFind)+i(yics x? L 202
* = 20im|[(Ez) - B |inequations (3) and (4) is called optical chirality, Egexp [ikz] (W) exp (—%)H‘f_}m (m%)
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Ef (X, Y, 2) = a,Uk (X, 9, 2) (13)
E; (x,y,2) = Bu3 (x, ), 2) (14)
By 2)=
. 2o N o (cFind)Fi(yFits)  + 2 .
’f (az + lﬁz) (X$ir16)z+(y$i(6)2 u() (X, Y, Z) @ (az (X) + ﬁz (y)) uo (X7 Y, Z)
15)
k 4
Bx (X, A Z) = _ﬂzaua (I"), (16)
k .
By(x,y,2)= @G () 17)
BZ (X’ Y, Z) =
18)

ok . Hwo(yFido)+i(xFind)) 4+ o 2 _ +
ify | (@ = iB) o e s (0= - (a: ) = B 00) 5 (0

where f=1/2zw,, p = /x2 + 2 and w, is the beam waist. Also, £, is the
normalization factor obtained by integrating the intensity over all
space (- to + =), and for (/=1) itis given as:

2k202

Ey = 19
¢ z(a? + £2) (202 + k2wt +2(3 +n2) 62 (1 + k2? )
( ) (203 0 )62 ( %)

In our case, there is no radial node, hence p = 0. The + represents
the rotational direction of [. The polarization factors & and  are nor-
malized suchthat|a, | + |8,|* = L Displacement of the singularity in the
x-y plane can be achieved by varying n and {. For generalization, we
substituted n =1/4 and {=1, considering the movement of the singular-
ity is slightly displaced from the axial direction experimentally.

Data availability
The minimum dataset necessary tointerpretthe results can be obtained
fromthe corresponding authors upon reasonable request.

Code availability

The simulation data were obtained by evaluating the equations using
standard technical software. The code is available upon reasonable
request to the corresponding authors.
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1 HD(Type I, Il) in limonene and fenchone

Figures S1 shows HD(Type II) in limonene as a function of fluence for / = 7 (Fig.S1a) and £3 (Fig.S1b) , respectively for
linearly poarized helical light. The chiral signal increases with laser fluence and reaches a maximum of ~ 6-7%. The chiral
signals in limonene and fenchone are of opposite signs (black curve and red curves are flipped) because they rotate the plane of
linear polarization in opposite directions (see Methods). The chiral signal did not increase with /-value in limonene.
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FIG. S 1. HD(Type II) in limonene with linearly polarized light (s = 0) as a function of peak laser fluence. (a) / = 1 . (b)
| = +3. The colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).
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FIG. S 2. Helical dichroism with asymmetric OAM beams in fenchone. Differential absorption of linearly polarized helical
light [ = 41 as a function of the position (or displacement) of the singularity in the OAM beam. The insets show helical
dichroism as function of peak laser fluence when the singularity is at the positions marked by solid rectangles. The error bars
and colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).

Figure. S2 shows that HD signal in fenchone. The spatial variation of differential absorption, HD(Type I), of linearly
polarized helical light in fenchone enantiomers exhibits the same behaviour as achiral molecules (Fig. 3b) as well as limonene
enantiomers (Fig. 4). The insets of Fig. S2 represent HD(Type II) as a function of peak laser fluence when the singularity was
at the positions marked by solid rectangles.

2 Intensity profile of OAM beams before and after the sample

To ensure that the beam profile is not influenced by nonlinear propagation effects at the interaction region we took single shot
images of the beam profile with and without the sample as shown in fig. S3. A pulse energy of 350 nJ for / = £/ was chosen
because the magnitude helical dichroism (see main article) is largest around that energy region. There was no change in the
beam profile after propagating through the sample. This suggests the nonlinear absorption is not influenced by any propagation
effects.

107



Single shot OAM mode imaging at 350 nJ for [ = —1

Without sample Simulation With sample

FIG. S 3. Single shot beam profiles of / = —1 for a symmetrical LG (center row) and asymmetrical LG (top and bottom rows)
beams. The left (right) column shows the beam profiles without(with) the sample. The central column shows the simulated
intensity profiles.

3 Measuring the transmitted / value of an OAM beam

To ensure the / value remained unchanged after propagating through the sample, we performed a set of interference experiments
involving Gaussian and OAM beams to observe the signature fork patterns. Fig. S4 depicts simulated and measured single-shot
fork patterns for [ = —1 in air (a,b) , / = +3 in sample (c,d). Fig. S4 e,f shows the measured patterns for / = 47 in the sample.
Though the contrast of the interference patterns is poor in the sample due to single-shot measurement, they are in agreement
with the expected signature patterns. Results indicate no change in the angular momentum value of the light when propagating
through the sample.
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Single shot Gaussian and OAM interference at 350nJ

Without Sample
Simulation In Air

1=-1 l=-1
b)

With sample
=43 =43

d).

I=-1 1=+1

FIG. S 4. Simulated and measured (a,b) two pronged fork pattern for / = —1 in air, (c,d) four pronged fork pattern for [ = +3
in sample. (e,f) measured two pronged fork pattern for / = %7 in sample.

4 Single shot transmitted spectrum measurement

Nonlinear affects such as self-phase modulation can influence the propagation of incident light through the sample over the
range of pulse energies used in the experiment. Fig. S5 shows set of single-shot spectra (a) of Ti: Sapphire laser used as
a reference (black curve), (b) after the power and OAM/SAM control optics (magenta curve) with no sample, and (c) after
propagating through (-)-fenchone and (+)-fenchone for linearly polarized helical light, +/ (cyan and green curves, respectively)
and —/ (red and blue curves, respectively). There is no considerable change in the spectral shape after propagating through the
sample suggesting nonlinear affects are negligible. Compared to the reference spectrum, the spectrum of light incident on the
sample is altered due to numerous optics in the beam path.
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Spectrum at the interaction region (350nJ)
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FIG. S 5. Single-shot measurement of transmitted spectra. The reference spectrum (black curve) corresponds to Ti:sapphire
laser, spectrum after the power and OAM/SAM contol but with no sample (magenta curve). The cyan (green) and red (blue)
curves are the spectrum of linearly polarized / = 4-1 (lin +ve) and / = —I (lin -ve) after propagating through (-)-fenchone
((+)-fenchone).

5 Transmission measurements in air in the absence of sample

In the absence of a sample, transmission measurements conducted in air ensure that the photodiodes detect identical signals
when changing the incoming linearly polarized light from +/ to —/. Fig. S6 a) and b) show transmission of a symmetrical
and an asymmetrical LG beams through air. The red (black) curves represent the difference between the PD1 (PD2) signal for
linearly polarized 4/ and —I. Both signals are centered about zero with a fluctuation of £0.05V. Moreover, the red and black
curves nearly overlap over the entire energy range, demonstrating no signal change between PD1 (incident light) and PD2
(transmitted light) as the OAM value changed. This indicates there is no arbitrary signal/noise introduced by the experimental
setup to the observed differential absorption in chiral and achiral molecules. Transmission measurements in air were performed
before every experimental run and for every position of the displaced singularity.

110



a) 0.10 b) 0.10

pD1(|=+1).pD1(|=. ) For symmetrical LG beam @
PD,(1=+1)-PD,,(I=-1)

PD, (1=+1)-PD, (1=-1) For asymmetrical LG beam @
PD,(1=+1)}PD,(1=-1)

0.05 0.05

Signal difference
o
8
]

Signal difference
o
8
1l

-0.05 -0.05

-0.10

. , . . : . . . . . .
200 250 300 350 400 200 280 300 350 400
Energy (nJ) Energy (nJ)

FIG. S 6. Transmission linearly polarized helical light in air (no sample) (a) for a symmetrical and (b) asymmetrical LG beams.
The red (black) curve represents the difference between the PD1 signal for 4+ and —/ (PD2 monitoring the transmitted light ).

6 Differential absorption with non-OAM beams

Figure S7a shows normalized transmission of a linearly polarized Gaussian beam propagating through left- and right-handed
chiral molecule. Both in the linear and the nonlinear regimes, the two curves overlap exhibiting no differential absorption.
Similar transmission measurements were conducted for S(-)-limonene with left- and right-circularly polarized annular beam
resembling an Airy pattern obtained through Fresnel diffraction (Fig. S7b). In absence of phase, which is responsible for orbital
angular momentum, there is no differential absorption in a chiral molecule for a beam with a null intensity at the center. The
results remained the same even when the null intensity regions was displaced from the center (fig 3c of the main article). This
suggests that differential absorption is not purely due to the field gradient. Helical phase plays a crucial role.
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FIG. S 7. (a) Transmission of linearly polarized Gaussian in left- and right-handed limonene. (b) Transmission of left- and
right-circularly polarized annular non-OAM beam for S(-)-limonene. Insets show the beam profiles. The colour bands represent
the propagation error of the chiral signal for three independent measurements (sample size).

111



7 Spatial Mapping of singularity

Fig. S8 shows 2D contour map of differential absorption of linearly polarized (€= 0.09) left and right handed OAM (I = £17)
for (+)-fenchone, obtained by displacing the singularity in the xy plane. The results presented in Fig.3, 4 (main text) and Fig.
S2 are a line scan along one axial direction. The sinusoidal behaviour of differential absorption becomes asymmetric as we
displace our singularity off-axis. This behaviour is likely due to the relative angle between the polarization direction and the
direction of displacement of the singularity.

1000

TP lin(+vein (-ve)
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o

500 F

-1000 L
-1000 -500 0 500 1000
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FIG. S 8. Differential absorption of linearly polarized helcial light (/ = £-7) in (+)-fenchone as a function of the displacement
of the singularity in the XY-plane.

8 Fluence calculations

In LG beams with increasing [-value, the size of the null intensity region at the center increases. Consequently, for the same

spot size higher pulse energies are required to reach the threshold for the onset of nonlinear absorption. This can be seen from

the transmission curves shown in Fig. SO for [ = 1 (left) and / = 3 (right) plotted as a function of laser pulse energy in fenchone.
From the threshold energies, the peak fluence is calculated based on the below equation':

E"[J]

—2r2
J A(11+1) 21| p o2
: [( ]

cm?)| 17w (z)* Y

where [ = 0;+1;4+2;£3. .. is the orbital angular momentum value, r is the radial direction, ®(z) is the radius of a beam

evaluated at z=0 and E; is the threshold pulse energy for different 1-values.

For peak fluence, radial parameter r is evaluated at the mamxima of the intensity profile. For Gaussian beam (I = 0) maxima
occurs at r = 0, for OAM beam with [ =1 at rj, = i% and subsequently for higher order / values at the position of their

respective maxima.
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FIG. S 9. Transmission curves of limonene with linearly polarized light (s = 0) as a function of pulse energy. (a) [ = +1 . (b)
[ = £3. The colour bands represent the propagation error of the chiral signal for three independent measurements (sample size).

Substituting the above values for radial parameter, we get

Eth
For [ = 0beam : Fy (rp) = 2—02
Twg
Eth
— . _ 5 -1 51
Forl=1beam: Fy (ry) =2¢~'—5
Twg

One can obtain similar equations for higher order OAM beams from which the peak laser fluences were calculated for the
presented results.

9 Optical dipole force

Here we show that optical gradient forces are non-zero for asymmetric LG beams. The total force acting on a dipole can be
: 2
written as

F=(u V)E+ixB+ix(u-V)B (1)

where u is the dipole moment. Here first term on the RHS containing the inner product(u - V) represents the dipole force
due to inhomogeneity in the fields. Second term is the expression of standard Lorentz force and third term represents particle
movement in the inhomogeneous magnetic field. The above equation was obtained by assuming dipoles does not change the
incident fields. For non relativistic speeds (# << ¢), third term can be neglected as it is much smaller in comparison to first two
terms. Substituting 4t = o(®)E(r) where o is atomic polarizability, we get,

dE
F:a(E-V)E—l—a(E x B) 2)
Using vector identity (E-V)E = %V (Ez) —E x (V X E) and second maxwell equation we get,

1 d
F=a-VE>+0a—(ExB). 3
062 +ad[( x B) 3)

Here, first term defines the gradient force and second term is the scattering force which can be neglected when the poynting
vector does not change over an optical cycle. Fig. S10 shows the gradient force component (F,) integrated over the beam
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FIG. S 10. Optical gradient force as a function of displaced position of singularities. Optical gradient force is zero for
symmetric LG beam and maximum at the position of displaced singularity. Force converges towards zero for the extreme
displacement in singularity where beam profile mimics gaussian profile.

cross-section as a function of displaced position of the singularity. For linearly polarized light one of the transverse components
will be dominant. The F, component would be smaller in magnitude however exhibits similar behaviour. The gradient force is
zero for the symmetric LG beam for which the singularity is at the center. When the singularity is displaced, the gradient forces
initially increases and then decreases to zero for large displacement. A non-zero gradient force would give rise to a torque
which preferentially aligns the molecular axis parallel the polarization plane®. Such alignment of molecules in an asymmetric
LG beams will lead to non-zero averaged E1E2 dipole-quadrupole contribution to HD. Therefore, the HD signal, shown in Fig.
5 of the main text, is zero for symmetric LG beams, increases with the displacement of the singularity reaching a maximum and
then decreases when the singularity reaches the beam periphery.

10 Extension of theory to multiphoton case using time-dependent perturbation theory

Using perturbation theory, a generic time-dependent wavefunction

|¥) = |¥) O+ Zcm (1) |\Pm>(0) “)
satisfies the Schrodinger equation
., 0
(Ho+AV (1)|'¥) = in=|¥) )
where, A is the perturbation parameter and
1
V(l‘) :—uaEa—geaﬁVaEﬁ—maBa—... (6)

. . . . . . . . iz(0)
is the interaction Hamiltonian*>. The corresponding multipoles and fields are complex quantities. |¥)(©) = [y)(©)e=#n"1/7 are
the stationary states satisfying

d
Ho¥)® = in—-|) ¥ (7)
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We can expand the time dependent coefficient c,, (¢) in powers of perturbation parameter A.

em () =D+ AV (1) + 222 (1) + ..+ AP (1) )

where different order coeffecients can be obtained by comparing powers of perturbation parameter A

1 4 .
() = (m) [ wdt’(m|V (') |g)ei®ns 9)

and nth order is defined as,

i (1) <lh> Z/ dr' (mlv (¢) [1)el" V) () efom” (10)

Now, we calculate the single photon absorption rate and generalize it to multiphoton absorption® Considering a interaction
Hamiltonian of the form

V(t) :Ve_iwl‘i‘v*eiwt (11)

By implementing the rotating wave approximation, we neglected the complex conjugate of the field because we are only
considering absorption and ignore the stimulated emission (anti-resonant terms). The probability amplitude can be expressed as

P (1) = ey (0 (12)
and the rate of transition
therefore, for single photon we obtain Fermi’s golden rule
R = 22 mlV[)]75 (s — ) (14)

n

Single photon transition rate is proportional to absorption cross-section® which is proportional to the rate of energy
absorption (I') derived in the main text. Substituting the interaction Hamiltonian into the rate expression, we get

Rhy = "53| — Ui Eq — 2 018 Vo Eg — g Bo |8 (0g — ©) (15)

3 O
For physical situations, the delta function can be replaced by a lineshape function

— Mo Eq — *eaﬁvaEﬁ ey Ba| p (g = ) (16)

2n 1 0" : r
)= 37 (") (B Ee) + (W Ee) (mB) + (4°Ee) (3005 VaEp ) + (1iBa) ()’
m, 1 m, : m, m, 1 m, * 1 m, m, *
+ (ma‘gBa) (36al§V0‘Eﬁ> + (magBa) (magBa) (3 aﬁv‘xEﬁ) (Hag ) (39a§VaEﬁ> (magBa)
- *
<3 GQEV(XEI;) <39aﬁVaE,3> )p (Omg = )
Ignoring the MIM1, M1E2 and the E2E2 coupling terms and applying the anisotropic averaging, we get

Rgng [|Uag| |Ea‘2+|mag| |Ba‘2 <ﬂggmr(;g*> (EaBE)+<ma uff“) (BoEy)

1 m mgx mgx %
+3 (< agﬂag )p (VOCEB'E ) +(pe’8 E ) (EaVaEﬁ))P(a’mg:w)
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Here p is the orientation-dependent weighting factor arising from the anisotropic averaging (p = 0 for random orientations and
p = 1 for full alignment of molecules). The dipole transition y is a real quantity , magnetic transition dipole m is imaginary’.
Approximating the response of the quadrupole tensor as a scalar we can rewrite the above expression as:

1 27 m m m m * *
Rng - 2 [|Uag|2|Ea‘2+ |mocg|2|Ba‘2+ (g S mi )p (BaEq — EaBy)
1 . .
+3 (4ue65p)p (VaEpEe +EaVuE) ) p(0n = ©)

Since BoEj, — EqBjy = —2ilm[E}By] and, (E;;VaEﬁ +EaVaEZ§) =2Re [E;VaEﬁ] we can rewrite the above expression as

27[ m m, m, m * 2 m m *
wag = - |I~lag|2|Ea‘2+ |mag|2|Ba‘2+2<lJagm§ >pIm [EaBa]+§<ﬂag9,§p>pRe [EaVaEﬁ] p (wmg =) a7

E1E2

E1E1 MIM1 EIM1

This is the single photon transition rate and resembles equation (8) of main text. Im[E};By] and Re [EéVaEﬁ] correspond to
optical chirality C and helicity Y, respectively.
The transition rate for two photon process (transition states: g — k — m) is

ViV,
Rt =21 |y | p (@ = 200) (18)
T 1 (o — o)
2
B (it E+ L0V aEp +mipBo ) (1 Ea+ 055 VaEp +mEBq) ., 1
mg = =T 72 ((Uk w) P (Omg =20) (19)
k 8

(H8¥Ea) (16 Ea ) + (8 Ba) (16 Ea ) + (1t Ea) (mf Ba )+ (3 628V aEp ) (G Ea)+(u*Ea) (1055 VaEy ) ’

7 (@ ~0)

Rgg =2r

Yk p (wmg = 260)

(20)

Ignoring the higher order terms involving M1 and E2 we get

2 2 . N
Rﬁ,fg:znzkw{w;’:%lz HEEa| -+ |1 Ea| | () (i Ba)” + (B (g Ea)|
8

2 [(ugf"Ea) (%egﬁvaEﬁ)*+ (éeamgvaEﬁ) (”g;kEa)*} + ]ugzkEa‘z [(u’nga) (m’g”Ba)*Jr (m]fnga) (uggEa)*}
|t B [ (o Ea ) (3055 Vakp) + (1655 VaEs) (EER) |} p (0ns =20)

Implementing anisotropic averaging, we get

+ ‘N]o(cgEa

mk ; kg

2 : : " . " :
R£n2 =27y, m { ke | |EoEol® + |1t | |Eal® (g m) p (EaBy) + (my ug™) p (BaEg)]
8

2 2 * % 4 * *
[ 1B [ (S 0mk)p (EaVak ) + (30t )p (VaEgEe) | + |uak 1Eal® [(uEme )y (Eabiy) + (miEuES)p (BaEl)

1 P 1Bl [ (G085 o (EaVaky ) + (1655 1E )y (VaEsEs) | } o (0ng =20)

2 2
2 k 2 k, 2 2 2, kg gk
R = 2wt (et a2 (e VBl g + i Bl i) ) e
8

|2 2 0 ng .
3 ([t Vol ot + | (05 ) Re 2V b (00 = 20)
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Generalizing for n-photon case, where m is the final state and g is the ground state state

ot | b e

2
mp  pl k, kg 2n
Mo Mo Mo Mo ‘ |Eq|

W (0pr — (1= 1) ©)° ... (0% — 20)? (@4 — ®)

5P (Ong = nO) (21)

2 2 ke gk 21 pi? ke|?
1| Im[uaémﬂﬂugﬂ ‘n&‘ ---‘”ag’ (ugimg)p + .t

W (0p — (n—1) ©)” ... (O — 20)? (0 — ©)°

pl
Ho,

(22)

2
(1e"me")

kg
Ho
2

2 pl_lp
Im | pg me | +

2
kg pl k|2
Ho | |

W (0p — (1= 1) ©)” ... (O — 20)? (g — ©)

S T T

p - *
Ea[*" Y Im[E}Bo] p (0 = now) (23)

2 2
|,ugf}2lm [uggeg’;] + |ug’!’|2 ‘,ugl‘ ‘ué‘g‘" <u;’<9§%>p +.+

1 (0 = (1= 1) 0)” .. (01— 20)* (4 ~ @)

2wt
]

(24)

SIT-LY

2

2
| (w00

2
Im [ué’/%’};] +‘u5" g el

Eq|?" VU Re [ELVGEg] p (0 = no)| (25)
h2" (cop,—(n—l)co)z...(co,k—Za))z(a)kg—co)2 el [EaValZs) P (0 )

Neglecting the higher order cross terms, we therefore obtain similar expressions involving E1E1, E1IM1 and E1E2 expressed

in terms of optical chirality C and helicity Y. The above expressions were obtained in a scalar approximation regime where
tensor properties are restricted to a dominant component for oriented molecules. However, when the tensor nature of molecular
response is considered there will be multitude of cross terms that arise in case of n-photon transitions whose /- dependence
needs to be investigated further. We considered n-photon transition rates because in our experiments, for example, interaction
of Ti:Sapphire femtosecond laser with limonene (Ip = 8.3 ev) is a 6 photon process.
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4.5. HELICAL DICHROISM IN ENANTIOMER SOLUTIONS

4.5 HELICAL DICHROISM IN ENANTIOMER SOLUTIONS

In this article, we demonstrate, a direct observation of HD in enantiomeric solutions without the use of any
intermediary. Our approach is based on probing helicity-dependent nonlinear absorption of asymmetric helical
light beams propagating through enantio-pure powders of alanine and camphor dissolved in an achiral solvent.
Alanine is an a-amino acid that is used in biosynthesis of proteins and is common in the natural world forming
of our biological makeup [1, 89]. The proteins produced by nature are made up of the L-type. It is often used
in biology to study homochirality on earth and to understand how the evolution of organisms came to utilize

L-amino acids|mystery left-handed| [90, 91].

We show that enantio-selectivity is a phase effect and can be tuned by varying the position of null intensity
in helical beams. We describe the chiral response of enantiomers by considering the parity violation of the
enantiomeric ground states. The discriminating response of enantiomers arises due to the difference in absorption

rates of helical light.

The key advantages of our work:

(i) We extend the chiroptical detection of enantiopure samples based on nonlinear absorption of linearly

polarized, asymmetric helical light beams to enantiomeric solutions with varying concentrations.

(ii) Our technique is nonlinear non-resonant and does not require tuning of the laser wavelength to specific

resonances.

(iii) We show the differential absorbance of helical light to be an order of magnitude higher relative to conven-

tional resonant linear techniques.

(iv) HD signal is tunable by displacing the phase singularity present in an OAM beam. This unique feature
does not exist in chiroptical techniques, such as linear and nonlinear circular dichroism, that exploit only

laser polarization as a chiral reagent.

(v) The ability to differentiate enantiomeric solution adds an additional benefit for bio-relevant molecules
which are often in powder form. This opens new opportunities to study bio-relevant molecules with

helical light.

Authors contribution: My colleague Ashish Jain and I contributed equally to this work. The contribu-
tions spanned all aspects of the research, experimental measurements, and theoretical advancements including
the conception and design of the study, data collection and analysis, manuscript preparation and revision.

Therefore, both should be considered as co-first authors.
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ABSTRACT

A novel chiroptical sensing technique was recently introduced that utilized the helical phase of the structured light as a chiral reagent instead
of polarization of light to differentiate enantiopure chiral liquids. The unique advantage of this non-resonant, nonlinear technique is that the
chiral signal can be scaled and tuned. In this paper, we extend this technique to enantiopure powders of alanine and camphor by dissolving
them in solvents of varying concentrations. We show the differential absorbance of helical light to be an order of magnitude higher relative to
conventional resonant linear techniques and is comparable to nonlinear techniques that use circularly polarized light. The origin of helicity
dependent absorption is discussed in terms of induced multipole moments in nonlinear light-matter interaction. These results opens up new
opportunities in using helical light as a primary chiral reagent in nonlinear spectroscopic techniques.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152203

INTRODUCTION

Chirality is often investigated by a variety of linear spec-
troscopic methods, such as Electronic or Vibrational Circular
Dichroism (ECD“ or VCD)," optical rotatory dispersion,” and
Raman optical activity.® It can also be investigated in the nonlinear
absorption regime through two-photon CD” and nonlinear optical
activity.® Most spectroscopic techniques are performed using circu-
larly polarized light as the chiral reagent. The chiroptical response is
proportional to the difference between the rate of excitation by right-
and left-circularly polarized (RCP and LCP) light. In CD, enantio-
sensitive transitions in a chiral molecule arise due to the coupling of
the electric and magnetic dipole matrix elements (E1M1).’

The sensitivity of chiroptical techniques that use polarization of
the light as the chiral reagent is limited by the relative size difference
between the molecular dimension and the helical pitch of the cir-
cularly polarized electromagnetic field. As a result, sensitivity scales
inversely with the wavelength of light.'”'" Thus, linear techniques
in the resonant regime, such as VCD, that are performed at infrared
wavelengths are often two to three orders of magnitude lower than
its counterpart, ECD.!? Shorter wavelengths, such as x rays, in which
the helical pitch is on the same order as the molecular size"” lead to
a greater chiral signal.

Pulsed lasers led to the development of non-resonant, nonlin-
ear chiroptical techniques with enhanced chiral sensitivity due to
the intense light fields.'* Further improvements in efficiency require
either to rely exclusively on the electric dipole transitions such as

in Photoelectron circular dichroism (PECD) or to redefine a chiral
reagent that can increase the chiral signal even with weaker higher
order interaction terms. In PECD, ionization of a chiral molecule
with circularly polarized light leads to an asymmetry in electron
angular distribution.”'* PECD has higher efficiency than CD since
it relies on electric dipole transitions rather the weaker electric and
magnetic dipole coupling term. However, this technique is mostly
limited to gas-phase chiral molecules.'”"*

A conceptually new form of the chiroptical detection technique
was recently introduced using the helical phase of the structured
light beam as a chiral reagent instead of circular polarization."”
Such helical light beams, uniquely identified by a phase singular-
ity resulting in a null intensity region in the center, carry an orbital
angular momentum of +/A.”" Displacing the singularity can induce
a chiral sensitive response in bulk liquids due to the multipole
interference terms, such as electric-magnetic dipole and electric
dipole-quadrupole excitation."’

Chiral response with the use of helical light resulted in two
types of helical dichroism (HD) signals; HD (Type I) in isotropic
chiral and achiral liquids and HD (Type II) in chiral molecules. The
former is defined as the differential absorption of left- and right-
helical light for the specific enantiomer (analogous to CD), and the
latter is differential absorption between the two enantiomers for a
specific helicity and polarization of light. HD (Type I) was shown
to scale with the ! value and tuned by displacing the singularity."”
HD (Type I and II) was demonstrated in enantiopure liquids, such
as limonene and fenchone. However, many chiral systems that have
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biological significance exist in the powder form, which needs to be
dissolved in a solvent.

In this article, we extend the helical dichroism technique from
an enantiopure sample to an enantiomeric solution (chiral solute
diluted in an achiral solvent). First test case is alanine, an amino-
acid used to make proteins, diluted in a water solvent. Second test
case is camphor, a terpenoid dissolved in chloroform. Solvents play
a crucial role in many biological processes as they can influence the
structure and properties of the biomolecules by changing their func-
tion and reactivity.”! Chiral response of an enantiomeric solution is
often difficult to observe due to strong influence of solvent-solute
interaction.”” We demonstrate that both enantiomeric solutions
exhibit HD (Type I and II) via the differential absorption of left-
and right-helical light with an efficiency in absorbance [AA(xl)

=log,, ;g;g] of AA ~ 0.05 for camphor and alanine solution. In

comparison, the efficiency of linear CD is AA ~ 0.0076 for alanine”
and AA ~ 6.5 x 107° for camphor (VCD).2* The efficiency of existing
nonlinear techniques is AA ~ 0.03 for alanine (two-photon CD)>
and AA ~ 0.085 for camphor (PECD).*®

METHODS

Light can carry Orbital Angular Momentum (OAM) of
+Ih associated with dynamical rotation of the wavefront structure.”’
Such beams are also called helical light beams whose handedness
is defined by the twisting of the wavefront undergoing [ inter-
twined rotations in one wavelength, tracing a left- or right-handed
corkscrew pattern while propagating in space. In addition, light also
carries Spin Angular Momentum (SAM) associated with the dynam-
ical rotation of the electric field vector around the propagation
direction, which is often used as a chiral reagent. The polarization
of the light is defined as the intrinsic spin degree of freedom. For
circularly polarized light, photons carries a spin angular momen-
tum (SAM) of +h, where # is the reduced Planck constant and the
+ sign represents left- and right-circular polarizations. For linear
polarization, SAM is zero.

Helical beams are theoretically modeled using the
Laguerre-Gaussian (LG) beams, which are uniquely identified
by a phase singularity, a null intensity region, in the center of the
beam cross section.”’ However, the singularity can be displaced
to generate asymmetrical LG beams either by superimposing a
Gaussian”’ or by translating the phase plate.”” The asymmetrical
LG beam with displaced singularity is shown in Fig. 1 and can be
plotted using the following equation:

11
E*(1,0,2) = Eo(f(r exp (i) F idrs exp (:l:i@)))

r* i 2r .
X exp (7(‘)—%)4713'(—) exp [ikz], (1)

2
Wo

where r=v/x+y%, rs=+/C+#’ O=tan"'(y/x), and

® = tan"'(#/). Here, 5 and { correspond to the displacement of
singularity in x-y plane. In addition, Ey is the normalization
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FIG. 1. Simulated intensity profiles of symmetric and asymmetric
Laguerre-Gaussian beams. The beam size is defined at the focal region.

factor obtained by integrating the intensity over all space
(—o0 to +o0); for (I = 1), it is given as:

a p! w%
Eo=4/ (p"'l)!\l ﬂ(((2+’72)+w8)' (2)

The above-mentioned beam equation can also be extended to the
longitudinal component of the field as a correction to the paraxial
regime."”

The linearly polarized OAM beam was generated by a combi-
nation of a quarter-wave plate, a linear polarizer, and a birefringent
liquid-crystal-based phase plate called a g-plate.”” *’ When an inci-
dent circularly polarized Gaussian beam propagates through the
g-plate with a topological charge q, it acquires an OAM defined
by I = +2q with a phase singularity at the center of the beam. The
conversion efficiency of the g-plate was 91% + 2% for [ = 3 beam.
The singularity in the OAM beam was displaced by translating the
g-plate, mounted on a x, y-stage, with a step size of 250 + 40 ym.
When focused by the objective, this translated to a displacement step
size of 300 + 20 nm with respect to the center of the beam. The cal-
ibration was achieved by measuring the total translation required to
displace the singularity to the periphery of the defocused beam and
comparing it to the measured spot size of 2 + 0.2 ym.

Transmission experiments were performed by propagating
a single femtosecond pulse focused by an aspheric objective
(NA = 0.3) into an enantiomeric solution contained in a cuvette
(10 mm thick and 3.5 ml volume). A second aspheric objective with
the same numerical aperture collaminated the transmitted light onto
a photodiode (PD2), positioned immediately after the objective. The
incident pulse energy was monitored by deflecting a fraction of the
incident beam onto another photodiode (PD1). The signals gener-
ated by PD1 and PD2 were stretched by an electronic pulse stretcher,
discretized and recorded by a data acquisition card.

For every single laser shot, the transmitted light signal on PD2
was normalized with the incoming light signal on PD1 to produce
a transmission curve. These curves, as shown in Fig. 2, are plotted
as a function of incident pulse energies, which were varied using a
combination of a half-wave plate and a polarizer. The incident pulse
energies were measured after the first objective, i.e., energy reaching
the sample, by defocusing the incident light. During the measure-
ment, for every laser shot, the sample was translated by 4 ym to avoid
micro-bubbles, and the pulse energy was increased in the steps of
~3 nJ. Multiple transmission curves similar to Fig. 2 were obtained
for each sample to be averaged and smoothed, producing the nor-
malized transmission curves of left- and right-helical light (I = +3).
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FIG. 2. Transmission curves for 0.5 g of S(—)-camphor diluted in 3.5 ml of chloroform (a) LCP and RCP Gaussian beam (s = +1) and (b) linearly polarized helical light
s=0,/=+3,6 =900 nm, where + is for different helicities. The error bands represent the standard error of multiple independent transmission measurements. These

experimental results were reproduced multiple times under identical conditions.

Helical dichroism is calculated by taking an average of the difference
in transmission from the onset of nonlinear absorption to about two
times the threshold value.

Femtosecond pulses were produced by a Ti: sapphire laser
amplifier system (45 fs, 800 nm, 1 kHz, 2.5 W) operating in an exter-
nal trigger mode. The pulse duration at the interaction region is
about 100 fs and was continuously monitored using the single-shot
autocorrelator. To ensure a shortest pulse in the interaction region, a
negative chirp was introduced and optimized by measuring the sec-
ond harmonic generation in a f-barium borate (BBO) crystal placed
at the location of the cuvette. To minimize background noise result-
ing from any discrepancies between the photodiodes, transmission
measurements were always performed in an empty cuvette prior to
each experiment. In addition, the measured single-shot beam profile,
pulse spectrum, and OAM value remained unchanged after trans-
mission through the samples.!” All the chemical samples used in
the experiment were purchased from Sigma-Aldrich, Inc. The purity
as specified by the supplier of R(-)- and S(+)-alanine was 98%.
For R(+)-camphor, the purity was 98%, and for S(—)-camphor, the
purity was 95%.

RESULTS AND DISCUSSION

To compare the role of SAM and OAM of light as a chiral
reagent, we measured absorbance of a single femtosecond pulse in
S(-)-camphor (0.5 g diluted in 3.5 ml of chloroform). Figure 2 shows
normalized transmission as a function of incident pulse energy for
(a) circularly polarized Gaussian (s = +1, ] = 0) and (b) linearly polar-
ized helical beams (s = 0, [ = +£3). The near overlap of both LCP
and RCP transmission curves in Fig. 2(a) represents a conventional
CD signal with AA ~ 0.005. This signal is considered negligible for
enantiomeric solutions due to overlapping error bands.

The transmission curves for both beams uniquely identify two
absorption regimes i.e., linear and nonlinear absorption. When
the energy of the incident laser pulse is below a certain threshold
[~60 n] for Gaussian and 140 nJ for helical beams in S(—)-camphor],
the incident light is not absorbed (transmission = 100%) by the enan-
tiomeric solution because the ionization potential is greater than
the photon energy 1.55 eV (800 nm). Above the threshold energy,
nonlinear multiphoton absorption sets in leading to a decrease in
transmission with increasing pulse energy. The threshold energies
are different for the two types of beams. In OAM beams, due to the
presence of the null intensity region, higher pulse energies (pho-
ton density) are required to reach the threshold for the onset of
nonlinear absorption (to maintain similar photon flux) in compar-
ison to Gaussian for the same spot size.”’ However, the response
regime we investigated remained the same, where the pulse energies
were always varied from below the threshold for onset of nonlinear
absorption to approximately twice the threshold value.

In contrast to Fig. 2(a), significant difference in absorbance of
left- and right-helical light was observed, as shown in Fig. 2(b). This
differential absorbance (AA ~ 0.04) in S(—)-camphor represents the
HD (Type I) signal that is an order of magnitude higher than con-
ventional CD. The HD (Type I) signal is only non-zero for the
displaced position of the singularity, i.e., asymmetric beams (Fig. 1),
and vanishes for symmetric beams. The above curves in Fig. 2(b) are
obtained for § = 900 nm position of singularity.

To discern the effect of the achiral solvent on the HD signal, we
performed transmission measurements in a control sample (achiral
solvent in black) and in enantiomeric solution (in red) under identi-
cal conditions, as shown in Fig. 3 for asymmetric linearly polarized
helical light (s = 0, I = -3) for (a) chloroform and 0.5 g of R(+)-
camphor diluted in 3.5 ml of chloroform and (b) water and 0.5 g of
R(-)-alanine diluted in 3.5 ml of water.
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FIG. 3. Transmission curves of linearly polarized helical light (/ = —3, § = 0) nm for (a) chloroform and 0.5 g of R(+)-camphor diluted in 3.5 ml of chloroform and (b) H,O and
0.5 g of R(—)-alanine diluted in 3.5 ml of H,0. The threshold dependence is independent of the singularity position. The error bands represent the standard error of multiple
independent transmission measurements. These experimental results were reproduced multiple times under identical conditions.

Both plots show a lower onset of nonlinear absorption for chiral
compounds relative to their respective achiral solvents. This behav-
ior arises because multiphoton absorption depends on the jonization
potential of a molecule, which is higher for achiral solvent. This sig-
nature property of the nonlinear multiphoton absorption makes it
possible to differentiate the HD signal of chiral molecules with min-
imal interference from achiral molecules. This is crucial as achiral
molecules also exhibit helical dichroism.'” When the handedness of
the helical light is changed the threshold energies remain the same.
However, the amount of nonlinear absorption in chiral molecules
as a function of pulse energy is slightly different, giving rise to
differential absorption, HD (Type I).

Any chiroptical technique should be able to differentiate rel-
atively low concentrations of enantiomeric solution as long as the
solute’s chiral center is maintained. Figure 4 shows HD (Type I) asa
function of displacement of the phase singularity in the focal region
in camphor and alanine at different concentrations. Figure 4(a)
shows two concentration of R(+)-camphor (0.25 and 0.5 g) diluted
in 3.5 ml of chloroform. For the lowest concentration, we also show
results for S(—)-camphor to demonstrate the differences in the chiral
signal between the enantiomers. In our case, the solubility of cam-
phor is 1 g/ml; therefore, the concentrations (0.14 and 0.07 g/ml)
in Fig. 4(a) are much below the solubility. The magnitude of the
HD (Type I) signal increases with concentration up to ~0.3 g/ml
(not shown) beyond which it decreased possibly due to increased
solute-solvent interactions.*”

HD (Type I) does not exist in a symmetric Laguerre-Gaussian
beam as shown for zero displacement of the singularity
(6 = 0). Displacing the phase singularity leads to an asymmet-
ric Laguerre-Gaussian beam [as depicted in Fig. 1 and described
by Eq. (1)], resulting in differential absorption of left- and right-
linearly polarized helical light. HD (Type I) increases with the

displacement of the singularity, reaches a maximum at ~1000 nm,
and decreases with further displacement of the singularity. At
extreme displacement of the singularity relative to the center of
the focal region, the intensity profile of the OAM beam mimics
a Gaussian beam. As a result, the HD (Type I) approaches the
behavior of a Gaussian beam as shown in the transmission curves of
Fig. 2(a).

Figure 4(b) shows HD (Type I) for S(+)- and R(—)-alanine, an
amino acid dissolved in 3.5 ml of water (concentration of 0.14 g/ml).
In contrast to Fig. 4(a) where the concentrations are an order of mag-
nitude lower than the saturation value, Fig. 4(b) shows HD (Type I)
for a concentration that is near the solubility of alanine 0.167 g/ml.
While HD (Type I) exists, there are higher fluctuations in the signal
for negative vs positive displacement of singularity between the two
enantiomers in comparison to camphor [Fig. 4(a)]. This fluctuation
can be attributed to the higher solute concentration (84% reference
to solubility) in Fig. 4(b). In comparison, fluctuations are minimal
at lower concentrations of 14% and 7% with respect to solubility
as seen in Fig. 4(a). Fluctuations at higher concentrations could be
due to intense laser-induced nucleation in saturated solutions and
nonlinear propagation effects.

In addition, amino acid in an aqueous solution can exist as zwit-
terion forms. The concentration of zwitterion forms is dependent
on the pH value of the enantiomeric solution. The change in pH
between enantiomers can introduce spectroscopic differences in the
chiroptical response. In our experiments, the measured pH value of
R(-)-alanine [S(+)-alanine] solution is 5.80 + 0.01[5.85 + 0.01] with
water solvent [pH 5.36 + 0.01]. However, such small difference in
pH value does not affect the HD signal. In addition, the presence
of HD in non-zwitterion solution of camphor and enantiopure lig-
uids'? suggests that zwitterion forms of alanine do not play a major
role.
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FIG. 4. Helical dichroism (Type I) of linearly polarized left- and right-helical light (/ = +£3) as a function of displacement of the singularity in the focal region. (a) Camphor
diluted in 3.5 ml of chloroform. Black curve represents 0.5 g of R(+)-camphor, and the red and blue curves represent 0.25 g of R(+)-camphor and S(—)-camphor. (b) 0.5 g of
left- and right-handed alanine diluted in 3.5 ml of water. The dashed lines connecting the discrete experimental points are for visualization only. The error bars represent the
standard error over the average energy range starting from the onset of nonlinear absorption to about two times the threshold value.

The helicity dependent differential absorption was described in
terms of energy absorbed from the fields at an average rate as shown
in the following [Eq. (3)].'””” This energy absorbed is proportional
to absorption transition rates based on perturbation theory for single
photon absorption'””” and extended to the multiphoton case,'’

I = S IEE ("B + pG Im[(E3)" - B |
N——
~—

——
EI1E1 MIM1 EIMI

2 e
+ 2pA"Re[(E5)" - VE;] |, (3)

E1E2

where w is the frequency of incident light, E and B are incident
electric and magnetic fields, a’ represents the electric polarizability,
%" is the magnetic susceptibility, G’ represents the isotropic mixed
electric-magnetic dipole polarizability, A” is the mixed electric
dipole-electric quadrupole polarizability, and p is the orientation-
dependent weighting factor for anisotropic averaging. d is the asym-
metrical parameter, § = 0 for a symmetric LG beam and 8 # 0 for an
asymmetric LG beam. The sign in I'* represents the sign of OAM.
El and M1 are electric and magnetic dipole, respectively, and E2
is the electric quadrupole. The coupling terms E1M1 and E1E2 are
pseudoscalars and change sign under improper rotation.

HD (TypeI) =T(+1s) — I['(-1,s), defined as differential absorp-
tion between right- and left-helical light having identical polariza-
tion. The electric-magnetic dipole term (E1MI), responsible for
conventional CD, vanishes because we take the difference between

left- and right-helical beams for the same polarization. For symmet-
ric LG beams, the E1E2 coupling term also vanishes due to isotropic
averaging of random oriented molecules. The finite HD signal in
chiral molecules arises from multipole coupling terms only in the
case of asymmetric LG beams. The electric-magnetic dipole term
(E1IM1), responsible for conventional CD, also vanishes because we
take the difference between left- and right-helical beams for the same
polarization. The only non-zero contribution to the HD (TypeI) sig-
nal arises from the electric dipole-quadrupole coupling (E1E2). This
term survives isotropic averaging due to the preferential alignment
of randomly orientated molecules along the light polarization as a
consequence of dipole forces. Such alignment is dependent on the
gradient of the light intensity. In our experiments, the laser inten-
sity ranged from 8 x 10 to 3 x 10> W/cm?. At these intensities, the
nonlinear absorption regime is dominated by both multiphoton and
multiphoton assisted tunneling since the Keldysh parameter®* ~1.5.
In both regimes, the contribution to HD comes from the induced
electric dipole and quadrupole moments. In the case of elliptically
polarized light, EIM1 term is non-zero and therefore can contribute
to the HD signal along with the E1E2 term.

The HD (Type I) chiral signal for R/S enantiomers (Fig. 4) does
not mirror each other. In contrast, all polarization based chiropti-
cal techniques, such as CD and PECD, display mirroring behavior
i.e., equal magnitude but opposite in sign. In CD, mirroring behav-
ior arises due to the EIM1 coupling term, whereas in PECD, it arises
from change in the sign of the photoelectron angular distribution
(b1 coefficient). The HD signal was obtained for the same polariza-
tion but opposite helicities; therefore, polarization dependent E1IM1
does not contribute. HD arises due to the coupling E1E2 term, which
is dependent on the phase (I value) of the beam. Therefore, HD does

J. Chem. Phys. 159, 014504 (2023); doi: 10.1063/5.0152203
Published under an exclusive license by AIP Publishing

123, 014504-5

€€1%0:G1 ¥202 udy 60



The Journal

of Chemical Physics

not exhibit the same symmetry properties as those arising from the
polarization effects.

Figure 4(b) also exhibits a small difference in magnitude of
HD (Type I) between the two enantiomers with respect to the dis-
placement of singularity. This can be understood in terms of a slight
energy difference between the ground states of the enantiomers due
to an asymmetry in the molecular potential, resulting in symmetric
(s) and antisymmetric (as) wavefunctions for the two enantiomers.*
As a result, the enantiomeric transitions rates can be shown as
(see the Appendix)

Rl = % (27 G Re[E; VaEg|p(@p(asss) @), (4)

where an/éz ofs) 18 the single photon transition rate (initial to final
state m) for S- and R-enantiomer, which is proportional to the
energy absorbed (I's ) shown in Eq. (3). The € and @ terms repre-
sent the mixed electric dipole-quadrupole response tensors (transi-
tions moments) coupled with the electric field gradient dependence
of the beam. The above equation represents the E1E2 coupling term
of Eq. (3) expanded in case of enantiomer pairs. This expression
shows that the transition rate for the R-enantiomer is of the form
D+ € and for the S-enantiomer is of the form 9 — €, where 9
is bigger than & (see the Appendix for further details). Therefore,
the above transition rates for enantiomers give rise to the differ-
ence in the magnitude of the HD signal. The analysis presented in
the Appendix is only qualitative. A quantitative analysis of the HD
magnitude further requires information about molecular response
tensors and wavefunctions.
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The key result of Fig. 4 is the tunability of the HD (Type I)
signal with the displacement of the singularity. This is the inherent
advantage of our technique in comparison to the conventional CD
techniques that lack any sort of tunability. In addition, our technique
is non-resonant, allowing measurements to be made at a single wave-
length of light. In contrast conventional CD is a resonant process
often requiring a tunable light source.

Another observable is HD (Type II: +I;+s) = 2 %
defined as differential absorption between the two enantiomers for a
specific helicity and polarization. It is a material-dominated prop-
erty arising due to collective contributions from both E1IM1 and
E1E2 coupling terms in the case of asymmetric LG beams. For
symmetric LG beams, the E1E2 term isotropically averages out to
zero, but the E1M1 term is non-zero and can contribute toward the
HD signal.

Figure 5 shows HD (Type II) signal for (a) camphor and (b)
alanine as a function of incident laser energy (n]). The chiral sig-
nal in both compounds is for different handedness values of an
asymmetric Laguerre-Gaussian beam (I = +3). For both chiral com-
pounds, the position of the phase singularity was 900 nm, and the
concentration was 0.14 g/ml in their respective achiral solvents,
chloroform and water. In both cases, after the onset of nonlinear
absorption, the relative magnitude of HD (Type II) for different
helicities increases with pulse energy and reaches a maximum of
~4%. For comparison, we show the chiral signal for circularly polar-
ized Gaussian beam (dashed-dotted line) with a relative magnitude
of ~1%, mostly overlapped within the statistical error bands. The
HD (Type II) signal is of opposite sign for S(-)- and R(+)-camphor
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FIG. 5. (a) Chiral signal (Type Il) for 0.5 g of camphor diluted in 3.5 ml of chloroform. Dashed-dotted lines are the chiral signal for the circularly polarized Gaussian (/ = 0),
and solid lines are for the linearly polarized helical light (/ = +3, 8 = —1200 nm) as a function of energy. (b) HD (Type Il) for 0.5 g of alanine dissolved in 3.5 ml of water as a
function of average energy of linearly polarized helical light (/ = +3, 8 = —900 nm). The error bands represent the propagation error of the chiral signal for three independent
measurements (sample size). These experimental results were reproduced multiple times under identical conditions.
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and S(+)- and R(-)-alanine because they rotate plane polarized light
in opposite direction. The HD (Type II) signal is not influenced by
the displacement of singularity although it is more stable at higher
displacements.

CONCLUSION

Helical dichroism is a non-resonant, nonlinear chiroptical tech-
nique that is not limited to enantiopure samples but can also be
extended to enantiomeric solutions. The differential absorbance
between left- and right-handed helical light reached a high of 5%
for 0.14 g/ml of camphor and alanine in achiral solvents. Despite
the influence of concentration on the chiral signal, the observed
signal efficiency is higher than ECD by an order of magnitude
and VCD by a few orders of magnitude. Moreover, ECD and
VCD are resonant linear optical techniques and therefore require
a tunable light source for measurement. In contrast, HD measure-
ments can be performed at fixed wavelengths by exploiting the
nonlinear properties of the material. Other nonlinear chiroptical
techniques, such as PECD, has efficiencies comparable to HD. How-
ever, PECD is primarily a gas-phase technique but has been recently
extended to liquid micro-jets.'® The ability of HD to differentiate
enantiomeric solution adds an additional benefit for bio-relevant
molecules, which are often in the powder form. This opens new
opportunities to study bio-relevant molecules with helical light. HD
(Type I) can also be tuned by displacing the phase singularity, an
advantage over other chiroptical techniques that employ circularly
polarized light as their chiral reagent. Finally, we have shown that
chiral efficiencies for enantiomeric solutions can be enhanced by
using an alternative chiroptical reagent that exploits the non-dipole
regime.
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APPENDIX: RATE OF ABSORPTION IN CASE
OF ENANTIOMERS

The difference in the magnitude of HD (Type I) between the
two enantiomers can be qualitatively understood in terms of par-
ity violation arguments. The lack of the “perfect” symmetry state
in enantiomers leads to a slight energy difference Ay E between
the ground states of the enantiomers, (ApE = Ey —E5).> This
type of broken symmetry condition is often referred to as de lege
(“lawlike™).*

For single photon absorption transition rate, the Fermi’s golden
rule can be written as™

2
Rosjas) = 53 Kl VIV D 0(@niojasy @), (AD)

where V¢ 15 TEPTESENLS the symmetric/antisymmetric ground state of
the enantiomer pair. We assign the symmetrical ground state ¥ to
the R-enantiomer and the antisymmetrical W, to the S enantiomer.
This can be justified as the consequence of the slight asymmetry in
the molecular potential, leading to eigenfunctions either symmet-
rical ¥¢ = %(‘Vi + ¥%) or antisymmetrical W5, = %(‘Vi - v%),
where W, (¥_) is even (odd) under parity. Therefore, the enan-
tiomer pair is localized in opposite ground states; if R is even, then
S is odd or vice versa. The excited states for both enantiomers are
assumed to be a mixed party state given as ¥, = %(1/4 +iBy_),

where if3 is a small phase lag factor between even and odd states.”” "

The single photon transition rate is proportional to the absorp-
tion cross section,”® which is, in turn, proportional to the time
averaged energy absorption [I5 in Eq. (3)]. Since the HD (Type I)
is defined as the difference between handedness of helical light
for identical polarization, the EIM1 coupling term cancels out;
therefore, the magnetic dipole term is neglected, leaving only the
electric dipole and quadrupole terms in the interaction Hamiltonian,
V = —oEo — 3043V aEp. Substituting above expression in (Al),
we get

RS 2m
R |

m,(s/a:) = K <\Pm| i‘u"‘E“

1
+ gG“ﬁV“Em\yf/gS)|28(wm(s/as) - w)> (AZ)
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* 1 *
x |(\P§/a3‘ + /"aEa + geaﬁVlXEﬁ |\Pm>|6(wm(s/us) - w)>

(A3)

where corresponding fields are complex quantities in the lab frame
and multipole moments (dipole ¢ and quadrupole 0) are real quan-
tities in the molecular frame,”” which is considered in writing the
above expression. The sign + in the equation defines the direction of
the intrinsic dipole, which is opposite for each enantiomer.*’

The above expression was evaluated using the following
properties: (i) (E; VaEp + EaVaEE) =2 Re[E;V,xE,;]; (il) symmetry
property of an inner product, i.e., [ yipy.d’r =0, [ yi0yzd’r=0
since y is odd and 0 is even under parity conversion; (iii) neglecting
the * term since it is small, and (iv) replacing the delta function by
a lineshape function (p) to represent a physical system.

For the R-enantiomer,

R s

x Re[E;VaE,g] + %[<W+‘6aﬂ|ll’€r> (V’{L”DCW*)

(BT + (e lely ) (5 sl ) B ]

(80wl Ouply-) = (vl Oy )]

X p(Wms — ). (A4)
The last two terms in the above expression contain
inner products that are complex conjugate of each

other. Since the multipole moments are real quantities,
we can therefore write (1//+|9aﬁ|1[/‘$)<w§\ya\l//+)[E;VaEp]

+ (vl v2 ) (W3 10uplye ) [EaVaEf | = 2(vs|Ouglys ) {98 el v+ ) Re
[Eves ]
Therefore, we get

R

Rips = % iﬁ[(l//+|,bla cee eaﬂh//—) - <l//—|.“vt cee 9aﬂ|l//+>:|
14

o {y g ) (v sl ) | Re[ES Vg ]p(wms - @) (A5)
D

for the S-enantiomer,

Buo = 3y (810w - Bgly-) ~ (vl Bl )]

x Re[E2 Vg + 5 (e |ously ) (92 v )
(B2 as] + (vl ) gl ) B3 1))

% 0 Oy — ©). (A6)
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Solving further for the last term as above, we get

R (o) = % —iB (s |pta - - Oupl) = (W-|ha - - - Ouplyrs )]
14
+ (Y Ouply ) (vE aly+ ) | Re[Eq VaEg]p(@inas) — @),
D
(A7)
where the terms (Y|t - . - Ouplwr+ ) Re[ Ex VaEg]

= S (v-lualv) (vE|0uply) [E2VaEg] + 5(w-10aply®) (¥ [paly:)

[E,XV“EE ] are written using rotational average over symmetric and
antisymmetric parity states. In addition, due to the presence of i
in the expression, only the imaginary part of (y£,6,3) mixed tensor
contributes to the transition rate.

Hence, the transition rate for the R-enantiomer is of the form
D + € and for the S-enantiomer is of the form & — &, where 9 is
bigger than @ since the phase lag factor f is small.”” This differ-
ence in the transition rates for the R- and S-enantiomers leads to
the observed difference in the magnitude of HD (Type I) as shown
in Fig. 4.
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SOLID-STATE PHASE - HELICAL LIGHT

INTERACTION

This chapter will shift focus from the liquid phase to the solid-state phase, illustrating that chiroptical effects
are also evident in crystalline structures. Initially, we will provide foundational knowledge of multiphoton
absorption of Gaussian and helical light, followed by the necessary details to comprehend the physics of the

established model.

Using our third article, published in Nature Communications, we reveal that the structural symmetry of
the crystal can be mapped by angle-dependent absorption of helical light. Furthermore, the HD signal of
both chiral and achiral crystals can be measured at a level one to two orders of magnitude greater than when
probed using circularly polarized light. We also show that HD is not limited to crystalline structures. Intrinsic
dichroism is present in amorphous solids when probed with asymmetrical helical light beams. This indicates
that HD is sensitive to the short-range order of amorphous materials. These observations are explained by a
hybrid model between perturbative and tunnel ionization, known as MPAT. A supplementary is included for

additional theoretical and experimental results.
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5.1. TRANSMISSION IN CRYSTALLINE AND AMORPHOUS SIO; SOLIDS

5.1  TRANSMISSION IN CRYSTALLINE AND AMORPHOUS S105 SOLIDS

Fused silica is an amorphous material with similar chemical and physical properties to crystalline quartz; i)
molecular composition SiOs, ii) bandgap 9 — 9.5V [92, 93|, and iii) index of refraction of ~ 1.45 at 800nm.
The major difference lies in the structure of the solid, the arrangement of the SiO molecules. Quartz has long-
range order while fused silica has long-range disorder. To elucidate the cause of this helical phase-dependent

absorption in solids it was necessary to compare both samples.
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Figure 5.1: Quartz and fused-silica transmission curves. a) Experimental measurement for a) Left-handed
quartz for asymmetric OAM beam (I = +1,6 = 900nm) in red and (I = —1,§ = 900nm) in black and b) fused-silica for
asymmetric OAM beam (I = +1,5 = 900nm) in red and (I = —1,d = 900nm) in black.

The similar transmission curves obtained for crystalline quartz and amorphous material, shown in figure
5.1, suggest that the effect of differential absorption is a beam property and is the major cause of this observed
phenomenon. The combined efforts of the handedness of the helical phase with the asymmetry introduced by
displacing the singularity results in a difference in the rate of change of the electric field, within the interaction
region. Consequently, the nonlinear absorption threshold of the material is different between the left- and right-
handed asymmetrical helical light. The measurements were performed by translating the sample for every laser
shot, Therefore, the ability to observe this difference in a short-range disorder sample suggests that the electron
transition is performed in a quasi-order environment or else the signal would fluctuate and average to zero over
the interaction region.

Due to the small six-photon absorption cross-section of quartz and its similar transmission behaviour to
fused silica, a pure multiphoton approach would not suffice to explain helical dichroism. Additionally, within
the experimental intensity range, both multiphoton absorption and tunneling occur but are not the dominant
processes. However, their combined efforts are the more prevalent process [63, 64]. Therefore, a different

approach is needed to explain HD in both crystalline and amorphous solids.

In the case of solids, the overlap in energy levels of individual atoms results in the generalized energy bands
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5.2. MULTIPHOTON ASSISTED TUNNELING

i.e. conduction and valence bands. The disordered structure of the amorphous material cannot be partially
aligned by the incident field due to its solid-state nature. Any helical phase dependence of amorphous material
must occur in a partially ordered environment to exhibit HD. Amorphous material does have some order, it is
in the length scale of ~ 20A [94-96]. The origin of helical dichroism in solids can be understood in terms of
multiphoton absorption from the ground to a higher energy state and subsequent tunnel ionization, a process
known as MPAT. During the tunneling process, the electron is ionized within a small spatial displacement which

is within the short-range order of amorphous material.

5.2 MULTIPHOTON ASSISTED TUNNELING

In the case of strong-field-induced absorption or tunneling regime in solids, the time derivative of the associated
current density. This current is fundamental to maintain energy conservation, as the energy needed to realize
the interband excitation process must appear as a loss in the field energy density u through « = —J - E [97].
In optical tunneling, energy conservation is fulfilled when this current reflects a spatial displacement of the
electrons by x9 = EE;/ (qu2)7 where Ej is the bandgap. For amorphous fused silica with band gap ~ 9eV,

the electron displacement distance is between 6 — 18A within its short to medium range order ~ 20A.

-

The injection current (J = gno2ol') associated with energy conservation of the promotion of valence electron
to the conduction band is proportional to a spatial displacement of the electron (zy) and the injection rate (p)
which is proportional to the rate of ionization (T') [97]. This rate can be obtained from the transition amplitude
which is defined as a projecting of a non-interacting state to a fully evolved state at large times given by
My; = limy o0 (15 (t)|¥;(t)) where W,(t) total wavefunction evolved from the bound states and is the solution
to the time-dependent Schrodinger equation given by equation 3.60. For the time-dependent Hamiltonian and a
relatively weak perturbation, the electron can access intermediate states. According to Quantum mechanics, any
state wavefunction describing the perturbed system may be expanded in terms of a superposition of stationary

states [6], [¥(7)) = 3 cin) ()|, (7)) where
N T
) (7) = L at'm|V () 1N 7Y () ewmt (5.1)
(7) =/ |

is the time-dependent coefficient for spatial expansion of ¥(7) in terms of ¥,,(7) for an Nth order perturbation
i.e. multiphoton probability amplitude for an atom in energy eigenstate [ at time 7. To determine the first-order
amplitude cg,lL)(T) we set al(o) = J;4 corresponding to an atom in the ground state [6]. Substituting equation 5.1

into equation 3.60 we get
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The formal expanded the wavefunction of a time-dependent Hamiltonian in terms of a perturbative expansion
with subsequent time order events. The last event represents the jump from an excited bound state to a

continuum for atoms and from deformed valence band/band-tail states to conduction band for solids.

Projecting the final state onto our time-evolved state we obtain the transition amplitude for MPAT.

Mji =~ (1n> _ ZZ/ OOV [l @D @) et arar (53)

—00

This amplitude is not only limited to a transition from the initial to the final state such as one photon absorption
or pure tunneling. It has the flexibility to introduce an intermediate partition of the total Hamiltonian to
introduce intermediate Hamiltonian, to represent tunneling form an excited state, 1,,,(7), at time 7. Here ,,(7)
represents the excited state achieved after n-photon absorption from t’ to 7. After each photon absorption,
there is a changed wavefunction with higher energy and will extend to a larger distance. Thus, ionization
by tunneling can occur readily from such extended and weakly bound states. In the semi-classical limit, this
transition amplitude can be reduced to Keldysh’s amplitude for tunneling when the laser field is strong enough
to eliminate any excitation to intermediate states. Further details on this mechanism and experimental results
of helical dichroism in solids are given in the article titled "Intrinsic dichroism in amorphous and crystalline

solids with helical light".

5.3 INTRINSIC DICHROISM IN AMORPHOUS AND CRYSTALLINE SOLIDS WITH

HELICAL LIGHT

Amorphous solids do not possess long-range order due to the disordered arrangement of atoms. As a result,
their physical properties exhibit isotropy in which they remain the same in all directions. Lack of translational
and rotational symmetry also means amorphous solids are not expected to exhibit differential absorption of

polarized light, called dichroism.

Here we demonstrate, the existence of intrinsic dichroism in amorphous solids using helical light beams that
carry OAM. Our approach is based on probing the nonlinear absorption of linearly polarized, asymmetric helical
light beams propagating through the solid. We show that HD is a phase effect and model it by considering
inter-band electron transitions via MPAT. The electron displacement during this process is within the short-to-

medium range order in amorphous solids enabling to probe intrinsic dichroism. The sensitivity to the helicity of
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5.3. INTRINSIC DICHROISM IN AMORPHOUS AND CRYSTALLINE SOLIDS WITH HELICAL LIGHT

light arises from the coupling of electric dipole and quadrupole term and can be precisely tuned and controlled.

We also demonstrate that dichroism exists in both achiral and chiral crystalline solids. In chiral crystals,

the material handedness (non-superimposable mirror images) is often differentiated using circularly polarized

Gaussian light beams as a chiral reagent in which the tip of the electric field traces a corkscrew pattern. However,

the inherent birefringence and macroscopic anisotropies often mask the chiroptical signal as in solid-state circular

dichroism. We demonstrate efficient chiral recognition in quartz using linearly polarized helical light beams, in

which the handedness is defined by helical wavefront structure tracing a corkscrew pattern in space.

The major advances of our work are:

(1)

(vii)

Introduction of a novel form of solid-state optical dichroism based on the nonlinear absorption of linearly

polarized asymmetric helical light beams.

Demonstration of HD that is intrinsic to both amorphous and crystalline materials. These results show

that solid-state matter is responsive to the phase of the incident light.

Challenging the conventional wisdom that dichroism does not exist in amorphous solids. The observation
of dichroism in amorphous materials is attributed to the presence of short-medium range order. This new
development shifts the paradigm of optical dichroism from using laser polarization to optical phase and

will aid in understanding the mysterious nature of amorphous materials.

Probing crystal chirality with enhanced efficiency using linearly polarized helical light. It extends our
recent work on liquids and opens new, so far unexplored direction of research in next-generation chiroptical

spectroscopy.

Control and precise tuning of HD by varying the superposition of OAM and Gaussian beams, and by dis-
placing the singularity present in an OAM beam. This unique feature of our technique has no comparable
equivalent to other existing solid state-based chiroptical techniques. It opens new opportunities in the

development of enantioselective catalysis on surfaces, chiral sensors and molecular electronic devices.

Unique instrumental advantage due to scaling of HD signal with orbital angular momentum value and
continuous tunability by electrical detuning of g-plate used to produce OAM beams. A single higher-order

g-plate is sufficient to reproduce the results of all lower-order g-plates by controlling its voltage.

Bandgap dependence of HD that can be used, in principle, as an in-situ probe of locally induced struc-

tural/conformational changes on a micron scale inside a solid.

Authors contribution: My colleague Ashish Jain and I contributed equally to this work. The contri-

butions spanned all aspects of the research, experimental measurements, and theoretical advancements includ-

ing the conception and design of the study, data collection and analysis, manuscript preparation and revision.

Therefore, both should be considered as co-first authors.
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Amorphous solids do not exhibit long-range order due to the disordered
arrangement of atoms. They lack translational and rotational symmetry on a

macroscopic scale and are therefore isotropic. As a result, differential
absorption of polarized light, called dichroism, is not known to exist in
amorphous solids. Using helical light beams that carry orbital angular
momentum as a probe, we demonstrate that dichroism is intrinsic to both
amorphous and crystalline solids. We show that in the nonlinear regime,
helical dichroism is responsive to the short-range order and its origin is
explained in terms of interband multiphoton assisted tunneling. We also
demonstrate that the helical dichroism signal is sensitive to chirality and its
strength can be controlled and tuned using a superposition of OAM and
Gaussian beams. Our research challenges the conventional knowledge that
dichroism does not exist in amorphous solids and enables to manipulate the
optical properties of solids.

Light as a tool to probe the structure and symmetry of solids is limited
due to the fact that the wavelengths of photons (UV-visible-IR) are
significantly longer than the interatomic distances. In spite of this
limitation, some degree of information on symmetry and phonon
modes can be obtained from light scattering techniques such as
Raman spectroscopy”. In crystalline solids (c-solids), periodic
arrangement of atoms leads to long-range order that gives rise to
anisotropy in which the physical properties depend on the crystal
orientation. Such an anisotropy in absorption and emission of light via
high harmonic generation has been exploited to map the crystal
symmetry**, In chiral c-solids, material handedness (non-super-
imposable mirror images), in principle, leads to differential absorption
of right- and left-circularly polarized light, known as circular dichroism
(CD). However, the chiroptical signal is often influenced by linear
birefringence and inherent macroscopic anisotropies present in
c-solids’. As a result, sophisticated techniques such as single-crystal X-
ray diffraction®, scanning and transmission electron microscope-based
methods’ are often utilized to differentiate chiral crystals but are
limited by the need for large single crystal of high purity.

In contrast, amorphous solids (a-solids) do not have long-range
order due to random arrangement of atoms and are isotropic. A

consequence of the lack of symmetry in a-solids is that they do not
exhibit CD. However, a-solids are characterized by short- and medium-
range order in which the spatial variation of parameters (such as
interatomic distances and angles between neighboring atoms) pro-
vides average structural information and the degree to which the short
and medium-range order is conserved®’. Studying short- and medium-
range order of a-solids is an active field of research®'’ because it can
lead to some phenomena that are typically observed in c-solids. With
recent technological advances, it is now possible to directly observe
the local atomic structure of disordered solids"". The presence of
short- and medium-range order in a-solids is in fact responsible for
delocalized energy valence and conduction band states, whereas the
long-range disorder causes the formation of bond tail energy states
between energy bands®. In amorphous glass, the short to medium-
range order extends up to 20 A%+,

Most optical techniques to study solids, to date, relied on using
polarized Gaussian beams (carrying spin angular momentum O, + 1%)
with the interaction described using the dipole dominant molecular
transitions. Such transitions are generally independent of the phase
associated with the wavefront of the incident beam. However, light can
also carry orbital angular momentum (OAM), +[fi, associated with
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dynamical rotation of wavefront structure. The handedness of these
beams is characterized by the twisting of the wavefront undergoing [
intertwined rotations in one wavelength°. The intensity profile of
such light is characterized by a phase singularity (optical vortex) and
hence a null intensity region at the center of the beam. These vortex
beams are also referred as helical light beams' where the helicity is
associated with the helical wavefront structure which is chiral in nat-
ure. This is analogous to the chiral structure of the electric field asso-
ciated with circular polarized light.

The theoretical unboundedness of OAM value generated sig-
nificant interest in using helical light beams as a chiral probe to study
light-matter interaction. Early studies on differential absorption of
helical light beams focused mostly on the linear absorption involving
coupling of electric-magnetic dipole (EIM1) term, which was known to
be responsible for CD. These studies were not successful in demon-
strating the efficacy of using OAM as a chiral reagent. Recently, Helical
Dichroism (HD), defined as differential absorption of left- and right-
handed helical light, was demonstrated in nanoparticle aggregates?,
chiral metasurfaces?, powdered molecular media®*, and achiral/chiral
liquids in nonlinear regime®. Theoretically, several recent studies
proposed the phased-based dichroism effect originates from the
higher-order transition moments, which were shown to be non-
vanishing only in the medium with some degree of orientational
order?*¥, Traditionally, the origin of such effects can be understood in
terms of parity-time (PT) symmetry arguments. Electric dipole transi-
tion moment E1 has odd spatial parity, magnetic dipole moment M1
and electric quadrupole moment E2 have even parity. Hence, the EIM1
and EIE2 coupling terms represent a time-even space-odd pseu-
doscalars which changes sign on spatial inversion indicating a broken
symmetry. However, symmetry arguments can only provide qualita-
tive insight into the existence of dichroism in crystals and does not
predict its presence in amorphous solids. Therefore, comprehensive
models are required for quantitative understanding of the behavior of
HD that takes into account the interband transition dynamics in matter
and spatial structure of the helical light beams.

In this article, we first demonstrate existence of intrinsic HD in
amorphous solids using asymmetrical helical light beams. Such an
effect is typically not expected in amorphous materials due to the
disorderly state of the medium. We define differential absorption of
left- and right-helical light for the same material as HD (Type I).
Therefore, it is a beam-dominated property and can also be observed
in achiral and chiral crystalline solids. In case of amorphous and achiral
solids, HD (Type I) is not considered as true chirality as it does not
involve chiral light and chiral matter interaction. Second, our techni-
que demonstrates higher efficiency in probing chiral solids compared
to conventional solid-state-based optical techniques.This was achieved
in terms of HD (Type II), defined as difference of absorption between
the left- and right-handed chiral solid for a specific-handed helical
light. It is a material-dominated property and its definition requires
both the material and light to be chiral entities. Third, we show that
helical dichroism is tunable and can be precisely controlled by (i)
superposition of OAM and Gaussian beams (ii) varying the l-value, and
(iii) displacement of phase singularity in the beam. These features
combined with the bandgap dependence of HD set our technique
apart from any other existing chiroptical methods. Finally, we model
HD by considering electron transitions via multiphoton-assisted tun-
neling (MPAT). This process ensures that electron displacement
remains within the short- to medium-range order in solids, allowing us
to effectively probe intrinsic dichroism.

Results

We studied HD in both amorphous and crystalline solids by measuring
the absorption of loosely focused femtosecond helical light pulses
(Supplementary Section 1 for experimental setup). We produced
helical light beams carrying OAM using a birefringent plate, called g-

plate, in which the incident Gaussian beam acquires an OAM that is two
times the topological charge, ¢*. To disentangle the effects of spin
and orbital angular momentum on helical dichroism we used linearly
polarized helical light beams. In addition, asymmetric helical light
beams were produced by displacing the phase singularity in the OAM
beam by translating the g-plate in a plane perpendicular to the incident
beam. Additional experimental details are provided in “Methods”
(“Differential absorption measurements”, “Generation of OAM beams”,
and “Displacement of singularity”) and Supplementary (Sections 5-7).

Achiral crystalline solids

Helical dichroism, HD (Type I)=A(+[,s)-A(-1[s), defined as differ-
ential absorption of linearly polarized (s = 0) left- and right-helical light
(I=+3) in the same material, is shown in Fig. 1a for a MgO achiral
crystal as a function of the position of the singularity in the OAM beam.
The inset shows normalized transmission of a single left- and right-
handed helical light pulse as a function of peak laser fluence (Supple-
mentary Section 4) when the singularity was displaced by 900 nm.
Each curve in the inset is an average of three independent measure-
ments, and the color band represents the statistical standard error.
Differences in the transmission of the two helicities start to appear at a
fluence of -0.8J/cm? from the onset of nonlinear absorption and per-
sist over a broad range of peak laser fluences. For each position of the
singularity, HD (Type 1) was obtained by averaging transmission
(shown in the inset) over a fluence range from the onset of nonlinear
absorption to 5J)/cm?

Dichroism does not exist in achiral solids for a circularly polarized
Gaussian beam and also for a linearly polarized symmetric OAM beam
(6=0+A inFig. 1a). However, when the singularity in the OAM beam is
displaced from the center, the material exhibits helical dichroism. HD
(Type 1) signal increases with the displacement, reaches a maximum
around + 1500 nm and displays a sinusoidal behavior with a change in
sign as the singularity traverses the zero-position (Supplementary
Section 7). This can be understood in terms of parity-time symmetry
argument. HD (Type I) is odd under PT resulting in a change in sign
with respect to the § position. In the experiment, alignment of the
singularity at the center of the OAM beam can only be defined before
the objective, which translates to an uncertainty A~+100 nm at the
focus (see “Displacement of singularity” for calibration). HD (Type I)
signal decreases at large displacement of singularity, as expected,
since the intensity profile of asymmetric OAM beam starts to resemble
a Gaussian beam.

Orientation-dependent nonlinear absorption of helical light pul-
ses in MgO crystal is shown in Fig. 1b-d for three different displace-
ments of the singularity as labeled in Fig. 1a. MgO (100) has a cubic unit
cell with a fourfold rotational symmetry and therefore shows a mod-
ulation with a periodicity of m/2. For 6=0, there is no difference in
absorption of left- and right-handed helical light and the curves over-
lap (Fig. 1b). When the singularity is shifted to either side from the
center of the beam, the dominance of absorption switches between
the two helicities of light (Fig. 1c, d). The orientation-dependent
transmission is invariant of the position of the singularity. However,
the magnitude of HD (Type I) signal remains unaffected with crystal
orientation but depends on the position of the singularity. Similar
results were obtained for ZnO (11-20) and a-quartz (z-cut) (Supple-
mentary Section 2). Orientation dependence in crystals can also be
obtained with non-OAM beams® (Supplementary Section 2) and via
high harmonic generation®* in nonlinear regime. Extraction of crystal
symmetry is due to the multiphoton nature of the interaction and
direction dependence of the effective mass of the electron that acts as
alocal probe.”.

Amorphous solids
In a-solids, dichroism and modulation in nonlinear absorption are not
expected due to the absence of long-range order. However, Fig. 2a

Nature Communications | (2024)15:1350

134



Article

https://doi.org/10.1038/s41467-024-45735-9

12
a) ] — 6=900nm,=-3, 50 * &__ b) ——8=0nm, [=+3, s=0
10 9=900nm,I=+3, 520, § ‘ e, N 90  ——38=0mm,/=-3,s=0
g J& : Lo 1d) § /
X 64 y =
< 12 =
= L F A 5
[ 4 o0 4 =
S 2 : i g
- ] 1 2 3 4 5. )/ --@-- [=3 Q
z ol oo vor®y T °
2 : § “—
£ 2 .71 b) 5]
S i : &
(=) -4 L, a
— i ’ (2]
S - % £
@ . § @
T -8 e ©
]e- 2 =
-10 4 ‘i )
- N -’
P
-1800  -1200  -600 0 600 1200 1800
Displacement of singularity in the focal region (nm)
C) —— 5=—1200nm, I=+3, $=0 d) —— 8=+1200nm, I=+3, s=0
90 ——3=-1200nm, /= -3, s=0 90 8=+1200nm, /= -3, s=0
— T ]
100 20— T80 ~ 100
\o - A . o\ -
9./ 96 | : 96 -
E <
5 92 %0/ \ ¥ 2 1
i ] ) \ — 92
T S
o % A 3
T 4, \ < %
c 844 | | Y—
u— 180 - -0 o
O 84 | | c 88-
S Rel
-8 88 \ 8 o
2 1 / =
\ j/
5 927 210 330 D 5]
[
© 96 &
= LN
100 - 240 o =—" " 300

270

Fig. 1| Helical dichroism and orientational dependent transmission of helical
light in a crystal. a HD(Type I) = A(+1,s) - A(- [, s) for crystalline MgO (100) as a
function of the displacement of the singularity (6) in linearly polarized (¢ =0.05)
asymmetrical OAM beam (/= + 3). Inset shows transmission of /=+3 beam as a
function of peak laser fluence for 6§ =900 nm. b-d Orientation-dependant
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transmission of /=+3 in MgO at the position of displaced singularities marked in
(a). The error bars in (a) represent the standard error, of multiple measurements
(n=3), calculated for an average fluence range used to obtain HD (see text for
details). The error bands in (b-d) represent the standard error at every position of
the crystal for n=20 points.

shows that dichroism exits even in a-solids. For asymmetric helical
beams, HD (Type I) in fused silica and borosilicate glass, plotted as a
function of the displacement of the singularity, shows similar behavior
as in c-solids (Fig. 1a). Figure 2b shows orientation-dependent trans-
mission of helical light in fused silica (for 6 =-1200 nm), confirming
the lack of symmetry since periodic modulation is absent at all posi-
tions of the singularity. However, nonlinear absorption of light with
opposite helicities is different representing the HD (Type I) shown in
Fig. 2a. The results of Figs. 1 and 2 suggest that helical dichroism is
independent of the crystal orientation and is intrinsic to both materi-
als. This is in contrast to conventional understanding that dichroism
with circularly polarized light is absent in disordered solids (Supple-
mentary Section 5).

Helical dichroism in liquids was recently shown to arise from
coupling between the electric dipole and the electric quadrupole
transition terms>~°. In disordered solids, this coupling term is expec-
ted to vanish upon isotropic averaging while it can survive in gas and
liquid phases due to laser-induced dipole force. The presence of HD
(Type ) in a-solids and its resemblance to c-solids, while displaying no
symmetry in the orientation-dependent transmission due to the
absence of long-range order, suggests that HD (Type I) can be attrib-
uted to short- to medium-range order. The origin of HD in solids can be

understood in terms of electron transitions via Multiphoton-assisted
tunneling (MPAT). The electron displacement during the MPAT serves
as a local probe of the short- and medium-range order whereas the
helicity dependence arises from higher-order multipoles.

In MPAT process, nonlinear absorption of the incident light is first
initiated by multiphoton absorption which promotes an electron from
the valence band to an intermediate excited state within the bandgap
from which tunneling to conduction band takes place. In a-solids, such
intermediate states are the so-called band tail states that extend into
the bandgap. Long-range disorder leads to localized states near the
bottom (top) of the conduction (valence) band and their density
decreases exponentially away from the band edges. In addition,
defects, impurities and dangling bonds give rise to localized states in
the middle of the bandgap®.

MPAT occurs at moderate intensities where the nonlinear
absorption is not dominated by either ground-state tunneling or
multiphoton transition alone. These two regimes are typically identi-
fied by Keldysh parameter® given by Eq. (3) (see “Electron displace-
ment during interband transition” for details). Multiphoton
(or tunneling) transition is dominant when the Keldysh parameter is
larger than -2 (or smaller than 1)**2*, In fused silica, the Keyldysh
parameter corresponding to our experimental intensities used to
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obtain HD are in the range of -1.1-2.5 where MPAT process is pre-
dominant resulting in strong-field induced interband excitation.

In ground-state tunneling, the electron that is promoted from
valence to conduction band gains a spatial displacement (x,) that is
proportional to the bandgap £, and can be approximated by Eq. (2)
(“Electron displacement during interband transition”). In MPAT pro-
cess, Eg has to be replaced by the energy difference between the band
tail state and conduction band edge. This leads to a smaller xo com-
pared to the upper limit set by tunneling from valence to conduction
band, which is in the range of 6-18 A for fused silica (Eg~9ev***). In
comparison, the short- to medium-range order in fused silica is
<20 A°"*1°, The total electron displacement which is a sum of the dis-
placements during tunneling from the intermediate state to the con-
duction band and multiphoton absorption from valence to
intermediate state, is within this range.

Therefore, in a-solids photons are absorbed in a quasi-ordered
environment over distances defined by the short- to medium-range
order. This results in nonzero isotropic averaging of molecular
response tensor. The three-dimensional network of SiO, could still
consist of periodic clusters each oriented in a different direction.
However, these clusters of ordered molecules will absorb the incident
light at varying degrees depending on the overlap between the laser
polarization and their absorption transition moments®. Therefore, the
total absorbed energy by these clusters give rise to a finite contribution
towards interband transitions and a nonzero [-dependence (see “Ori-
gin of Helical dichroism in solids” for details). As a result, the behavior
of HD (Type I) signal is the same in disordered and ordered solids. In c-
solids, the ordered environment always ensures nonzero isotropic
averaging where HD(Type I) arises from electric dipole electric quad-
rupole coupling term. Electron transitions via MPAT process can still
play a role where the intermediate states could be due to degenerate
exciton states, defects, impurities, and boundary effects® >’

Chiral crystalline solids

C-solids also exhibit chirality, typically studied using sophisticated
diffraction and imaging techniques®’. Conventional CD using Gaussian
light (Supplementary Section 5) is inefficient as it is convoluted by
competing signals from optical and material properties’. Using helical
light we show in Fig. 3 that the handedness of a chiral solid can be
probed. Figure 3a shows HD (Type ) signal in crystalline (z-cut) left-

a)

10] --m--Fused Silica
--m-- Borosilicate

Helical Dichroism (Type 1) (%)
o
L

-12 T N T T . T T T N I 4 T . T ' X T T i T
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Displacement of singularity in the focal region (nm)

Fig. 2 | Helical dichroism in amorphous solids. a HD (Type I) for fused silica (blue)
and borosilicate (red) as a function of displacement of the singularity with linearly
polarized (¢ = 0.05) asymmetrical OAM beam (/= + 3). b Orientation-dependent

transmission of [ = + 3 in fused silica at § = -1200 nm. The error bars in (a) represent

quartz (L) and right-quartz (R) for different positions of the singularity
in OAM beam. The spatial variation of HD(Type I) is similar to other
crystals and amorphous solids (Figs. 1a and 2a). A key difference is that
with asymmetric OAM beam, the magnitude of helicity-dependent
absorption in the two chiral structures is different. This difference
suggests that chiral solids exhibit another type of dichroism, defined as
HD (Type Il: £ [; +'5) = 2 f=p29-H2E25 HD (Type II) is the difference in
absorption of a specific-handed helical light in the left- and right-
handed chiral solid. It represents a chiral light-chiral matter interac-
tion and is odd under PT symmetry.

HD (Type II) signal, shown in Fig. 3b, as a function of peak laser
fluence changes sign with the helicity of the incident light enabling to
efficient differentiation the handedness of crystal structure. This chiral
signal, obtained at a specific position of the singularity marked by the
rectangle in Fig. 3a, is more prominent with asymmetric OAM beam
and is weakly influenced by the position of the singularity within the
OAM beam. Chiral signal using circularly polarized Gaussian beam
(with [=0, s=*1) is also shown in Fig. 3b and demonstrates the signal
fluctuations with lower average efficiency. The obtained chiral signal is
an order of magnitude higher than the reported values from solid-
state-based CD in complex chiral crystals*>* and is comparable to
recently demonstrated hard X-ray-based HD in powdered molecular
media®.

Another representation of HD (Type II) is the orientation-
dependent transmission in different-handed quartz for specific heli-
city shown in Fig. 3¢, obtained when the singularity is at the positions
marked by a solid rectangle in Fig. 3a. A modulation of r/3 shows the
sixfold rotational symmetry for quartz (Supplementary Section 2). This
shows that transmission for specific helicity and position of singularity
is different for both chiral solids. Therefore, crystal structure and
chirality can be probed simultaneously.

Bandgap dependence of helical dichroism

Figure 4 demonstrates HD (Type 1) in materials with different band-
gaps. Figure 4a, shows spatial variation of HD (Type I) as a function of
displacement of the singularity, for TeO, (red, bandgap of 3 eV)*?, ZnO
(cyan, 3.4 eV)*, MgO (black, 7.7 eV)*, fused silica (magenta, 9eV)***,
and quartz (blue, 9.5eV)®. The different magnitudes of HD(Type I)
suggest it is a material-dependent property and HD signal increases
with the bandgap. This material dependence can also be observed in
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the standard error, of multiple measurements (n = 3), calculated for an average
fluence range used to obtain HD. The error bands in (b) represent the standard
error at every position of the crystal for n =20 points.
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Fig. 3 | Probing chirality in quartz with linearly polarized (¢ = 0.05) asymme-
trical OAM beams. a HD (Type ) for left- and right-handed quartz as a function of
displacement of the singularity (/=+1). b Chiral signal, HD (Type ll: £ ; +5) =2
RtlesiH2125) as function of peak laser fluence for linearly polarized [=+1and
circularly polarized /=0 beams. ¢ Orientation-dependent transmission of [=+1in

right- and left-handed in quartz. b, c were obtained when the singularity was at the

100 -

position marked by a solid rectangle in (a). The error bars in (a) represent the
standard error, of multiple measurements (n = 3), calculated for an average fluence
range used to obtain HD. The error bands in (b) represent the error propagation of
the standard error of multiple transmission curves. The error bands in (c) represent
the standard error at every position of the crystal (n =20 points).

our qualitative model discussed in “Origin of Helical dichroism in
solids”. Figure 4b, depicts an average HD (Type I) signal, for three + &
positions (600, 900, and 1200 nm) of Fig. 4a, plotted as a function of
bandgap.

Control and tunability of HD (Type I)

Figure 5 shows simulated and experimental curves obtained by (i)
superimposing Gaussian and OAM beams, and (ii) varying the [-value.
To model HD (Type I), we considered the total rate of interband
transition (W}, evaluated using Eq. (20). It is a product of multiphoton
transition probability amplitude from the ground to the intermediate
state and tunnel ionization probability amplitude from the inter-
mediate state to the conduction band. HD (Type I) is defined in terms
of differential averaged energy absorbed AI', normalized with respect
to the incident laser energy (see “Origin of Helical dichroism in solids”
for details).

Ar=r* -1 =p(v* -v)=p(Re[V£/ ;'] - Re [V £;]) )

where Y* is optical helicity which describes the handedness of helical
light and £;; is the electric field described by Eq. (23) (“Superposition of
OAM and Gaussian” and Supplementary Section 7 for details). D
represents a collection of physical quantities (given by Egs. (18)-(20))
that are independent of helicity within our approach, and can be
estimated to be 7.3 x107 (“Origin of Helical dichroism in solids” and
Supplementary Section 9). Therefore, HD (Type 1) is a beam-
dominated property and does not exist for symmetric LG beams

(6=0). For asymmetric LG beams (6 # 0), the electric-magnetic dipole
coupling term in Eq. (17) vanishes (because we take the difference
between the left- and right-helical beams for the same polarization),
and the electric dipole-quadrupole coupling term is nonzero resulting
in HD (Type I). The electric dipole-quadrupole coupling term also
contains the gradient of the electric field giving rise to [-dependence,
as can be seen in Fig. 5c. The simulation curves shown in Fig. 5 are
plotted by integrating HD (Type I) over the whole beam cross-section,
HD (Type ) = fi":}o Ardxdy.

For simplicity, we treated intermediate state tunneling within
the dipole approximation and reduced the multiphoton absorption
to a single-photon transition expanded to higher-order multipoles.
We simulate HD(Type 1) for different ratios of superposition of
Gaussian and OAM beams (Fig. 5a) and [-values (Fig. 5c) using the
above equation. For a specific [-value of an asymmetric OAM beam,
the magnitude of HD (Type I) signal is maximum for a pure OAM
beam and decreases as the amount of Gaussian beam in the super-
position increases (Fig. 5a). In case of linearly polarized light, HD
signal vanishes for a pure Gaussian beam. Experimental results
shown in Fig. 5b for fused silica agrees with the simulations (Fig. 5a).
Also, simulated and experimental HD signals scale with [-value as
shown in Fig. 5¢, d for two different [-values. Similar control and
tunability of HD was also observed in c¢-solids such as MgO (Supple-
mentary Section 3). The simulated HD values differ by few orders of
magnitude compared to experimental values. This variation could be
due the approximate values used for electric dipole and quadrupole
moment, and material response.

Nature Communications | (2024)15:1350

137



Article

https://doi.org/10.1038/s41467-024-45735-9

a)
6+ . N
--e-- TeO, : -

1 Zno : l g
R4 =*==MgO : A AT
=~ | --®- Fused Silica . ST I
4 --@-- Quartz . 2 -
$2- S DI T B
=) S 2 = &
E
EO— """"""""" "";—_"/ """""""""""
o ;,—”i zY /,’

i e = 3w
T s R I,’ 2" I
4] el
i -l
-6

T * T ¥ T L T X T ¥ T
-1500 -1200 -900 -600 -300 O
Displacement of singularity in the focal region (nm)

71 ¢ T & I ¢ | °
300 600 900 1200 1500

Fig. 4 | Bandgap dependence of helical dichroism. a HD(Type I) in different

materials as a function of displacement of singularity in the OAM beam for [=+1in
crystalline and amorphous solids. b Average magnitude of HD (Type ) as a function
of bandgap for [=+ 1. The error bars in (a) represent the standard error, of multiple

b)
7 ///

] = TeO,
< 64 ZnO
& = MgO
o m  Fused Silica
2 54 m  Quartz *‘ %
E

| |
£
@ 4
5 } |
<
Q
8 34
©
0
o 24
T & %
(]
&
g '
>
<
0 ¥ T L T ///I T 3 T ks
2 3 4 8 9 10

Bandgap (eV)

measurements (n =3), calculated for an average energy range used to obtain HD.
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(Type 1) signal is maximum. All curves are obtained under identical experimental

conditions.

HD signal changes in discrete steps when [-value is varied but can
be tuned almost continuously by changing the superposition of OAM
and Gaussian beams. In addition, HD signal can also be varied by
changing the ellipticity of laser polarization”. These are the features of
our technique that has no comparable equivalent in other existing
solid-state-based chiroptical techniques. Continuous tunability of HD
by superposition of OAM and Gaussian beams by electrical detuning of
optical retardation offers instrumental advantage. A single higher-
order g-plate is sufficient to reproduce the results of all lower-order g-
plates by controlling the voltage on the g-plate.

Discussion

In conclusion, we demonstrate HD in both amorphous and crystalline
solids including chiral systems. HD in the condensed phase provides
valuable information on chirality. Conventional solid-state chiroptical
techniques such as CD have poor efficiency because the chiral signal is
weaker than the artifact signals from macroscopic anisotropies such as
linear birefringence. The efficiency of HD enables to achieve chiral
recognition on a solid surface and is of fundamental importance in
various fields of surface and material sciences. In addition, the control
and tunability of HD provides new opportunities in the development of
enantioselective catalysis*® and asymmetric synthesis of bioactive
molecules*, chiral sensors*®*°, and molecular electronic devices***. In
laser processing of transparent materials, localized changes induced in
the bulk can result in structural changes on sub-micron dimensions
confined to the laser focal volume™*. These changes modify the
bandgap and are hard to study due to lack of in situ probes. Pump-
probe spectroscopy involving Gaussian and OAM beams can shed light
on such changes by monitoring the magnitude of HD signal due to its
dependence on the bandgap.

The presence of intrinsic dichroism in amorphous materials is due
to the existence of short- to medium-range order. Material response to
the phase of light associated with OAM beams will aid the efforts to
understand the mysterious nature of amorphous materials. Further-
more, HD can be extended to conjugated polymers that are used as
active materials in devices for printed and flexible organic
electronics™. Transport properties in such polymers is widely believed
to be due to long-range order, so research focused primarily on
increasing the crystallinity of polymers. However, recent studies

showed that local aggregation over few chains is sufficient to ensure
high mobility*. In other words, the key to designing high-mobility
polymers is not to increase their crystallinity but rather to improve
their tolerance for disorder. Typically, information on short-range
ordering in polymers is often achieved by means of radial distribution
function derived from X-ray diffraction®®. HD can shed light on short-
range order that influences electronic properties in polymers and
semiconducting alloys.

Methods

Differential absorption measurements

Transmission measurements were performed using a Ti: Sapphire laser
amplifier system, operating in an external trigger mode producing
45fs, 800 nm pulses with a maximum pulse energy of 2.5mJ. An
aspheric objective lens (NA = 0.3) was used to focus the femtosecond
pulses into solid samples with typical dimensions of 10 x10 x 1 mm. A
second aspheric objective with the same or higher numerical aperture
(NA=0.5) collected and collimated the transmitted light onto a pho-
todiode (PD2), positioned immediately after the objective (Supple-
mentary Section 1for a schematic of the experimental setup). For every
laser shot, the transmitted light signal on PD2 was normalized with the
incoming light signal on PD], reflected off a glass plate positioned in
the beam path at an angle of -20" to avoid Brewster’s angle. The signals
generated by PD1 and PD2 were stretched by an electronic pulse
stretcher, discretized, and recorded by a data acquisition card. A
combination of a half-wave plate and a polarizer was used to vary the
pulse energy (Supplementary Section 1). The incident pulse energies
were measured before the objective. During the measurement, for
every laser shot, the pulse energy was increased by -3 nJ and the
sample was translated by 5um to irradiate a fresh sample. Multiple
transmission curves similar to the inset of Fig. 1a were obtained for
each sample to be averaged and smoothed. The difference in the
normalized transmission of left- and right-helical light is proportional
to the differential absorption. To ensure shortest pulses in the inter-
action region, a negative chirp was introduced and optimized by
measuring the second harmonic generation in a BBO crystal placed at
the location of the sample. A single-shot auto-correlator then con-
tinuously monitored the pulse duration. The pulse duration at the
interaction region is about 100fs. Prior to each experiment,
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f"jjo D(Y* — Y7)dx, dy where D represents a collection of physical quantities and
Y* is optical helicity which describes the handedness of helical light (see text and
“Methods” for details).

transmission measurements were always performed without a sample
(in air) to determine and minimize background errors resulting from
any discrepancies between the photodiodes (Supplementary Sec-
tion 6). In addition, the measured single-shot beam profile, pulse
spectrum, and OAM value remained unchanged after transmission
through the samples®. The crystal samples were procured from MTI
Corp., MSE Supplies and chiral quartz from Knight Optical. Fused silica
was bought from SPI Supplies.

Generation of OAM beams

Light beams carrying orbital and/or spin angular momentum were
generated and controlled by OAM/SAM unit (Supplementary Fig. 1)
consisting of a combination of half- and quarter-wave plates (HWP and
QWP), linear polarizer (LP) and a birefringent liquid crystal based
phase plate called g-plate”***". When an incident Gaussian beam pro-
pagates through the g-plate with a topological charge g, it acquires an
OAM defined by [=+2g with a phase singularity and hence a null
intensity region at the center of the beam - an optical vortex. The

wavefront structure of such beams undergo [ intertwined rotations in
one wavelength, the direction of rotation is determined by the sign of
the input polarization. The conversion efficiency of the g-plates were
91+ 2% for [=1,3. Linearly polarized OAM light s=0,/=+1 was gen-
erated using a combination of QWP, g-plate, QWP, and LP. The ellip-
ticity of linearly polarized OAM light was 5 + 2% reaching the sample.

Displacement of singularity

The singularity/null intensity region in the OAM beam was displaced by
translating the g-plate, mounted on a X, y-stages with a step size of
250 +10 um. When focused by the objective, this translated to a dis-
placement step size of 300 + 20 nm with respect to the center of the
beam. The calibration was achieved by measuring the total translation
required to displace the singularity to the periphery of the defocused
beam and comparing it to the measured spot size of 2+0.2um
obtained by knife-edge measurements. The helical vortex beams can
be further classified into vector and scalar vortex beams. The super-
position of vector vortex beams with linear Gaussian leads to the
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shifting of singularity towards the periphery of the beam for /=1 and
splitting of the singularity for higher-order [-value®®. The superposition
of linear Gaussian with scalar vortex beam causes the null intensity
region to fade and does not lead to the shifting of singularity, which
was used in the experiments.

Electron displacement during interband transition

Classically, in atoms, tunneling results in spatial displacement of the
electron given by X, =/,,/(€E), where 1, is the ionization potential®™. xq
is the distance traversed by the electron through the barrier to the
tunnel exit. This concept can also be extended to solids. The energy
absorbed from the incident laser fields is proportional to the associated
injection current given by J = enyx,0°°, where e s the electron charge, n,,
is electron density in the conduction band, p is the injection rate which is
proportional to the transition rate W, X, is the spatial displacement of
the electrons after being promoted from the valence band to the con-
duction band. (J) is fundamental to maintain energy conservation
(= —]J - E). In optical tunneling, energy conservation is fulfilled when
this current reflects a spatial displacement of the electrons given by®

Xo=EE,/(eE?) 2

where £, is the bandgap and E is the electric field. We assume a para-
bolic conduction band to eliminate contributions from band anhar-
monicities and Bloch oscillations due to reflections at zone
boundaries®.

Injection current was recently used to explain the origin of strong-
field-induced harmonic generation in fused silica®®. In amorphous
fused silica (E;=9 ev**¥), X, varies from 6 to 18 A for the laser inten-
sities used in our experiments. Transition of electron from valence to
conduction band can occur via two mechanisms, multiphoton or
tunneling, depending on the laser intensity. They are typically identi-
fied by the Keldysh parameter (y)**. For solids, it is defined as

_ w [meneok, y2 3
4 e 1

where w is the laser frequency, / is the incident laser intensity (Sup-
plementary Section 4), m and e are the reduced mass and charge of the
electron, c is the velocity of light, n is the refractive index of the
material, £, is the bandgap of the material and €, is the permittivity of
free space. When y>2, interband excitations are dominated by mul-
tiphoton process and when y <1 it is dominated by tunneling.

For the laser intensities in the range of 2 x10" to 8 x 10" W/cm?
that were used in the experiments, Keldysh parameter varied from ~2.5
to 1.1 for fused silica. In the intermediate regime when 15y <2 the
electron transitions are dominated by multiphoton-assisted tunneling
(MPAT)**#!, The MPAT process, developed for atoms, can be extended
to solids and visualized as electron transition from valence band to an
intermediate state by mulitphoton absorption and subsequent tun-
neling from that state to the conduction band*",

In MPAT process, there will be two contributions to electron
displacement—one from multiphoton transition to the intermediate
state and the other from subsequent tunneling to the conduction band
(xo is given by Eq. (2) where E; needs to be replaced by the energy gap
between intermediate and conduction band states). However, Xq in
MPAT will be smaller compared to direct tunneling transitions from
valence band to conduction band which sets the upper limit for elec-
tron displacement®*®', X, in MPAT is comparable to short-medium-
range order in fused silica which is <20 A%+, As a result, isotropic
averaging is restricted to an ordered environment giving rise to finite
contribution in a-solids. In c-solids, the ordered environment always
ensures a nonzero HD signal upon isotropic averaging. Moreover, our
transmission curves reproduce the crystal symmetry due to its

dependence upon the injection current, similar to the results that were
obtained from the high harmonic yields®.

Origin of Helical dichroism in solids

Helical Dichroism in solids can be understood in terms of molecular
multipole moments during light-matter interaction. When the inci-
dent laser intensity is not sufficient for direct interband tunneling,
electron transitions are facilitated by multiphoton excitation to
intermediate states and subsequent tunneling to the conduction
band. The transition amplitude for MPAT process involving a single-
photon absorption (SPA) from the valence band (¢,) to an inter-
mediate excited state (¢,,) and subsequent tunneling to the con-
duction band (¢.) is given by (Supplementary Section 8 for further
details)

Vg i [t ) .
M, = %M’ /t AT OV (D (1) OO

W@, — ) 7
————

M, SPA

“@)

M TNL

where w is the laser frequency, @, =(En—E)/h, E,, and E, are the
energies of the intermediate and valence band states, respectively. In
addition, V/; and V; are multiphoton and tunneling interaction Hamil-
tonians written in multipole expansion and dipole approximation,
respectively. The MPAT transition amplitude is a product of two factors;
a time-independent single-photon transition amplitude Msp,4 and a time-
dependent excited state tunneling amplitude M. The interaction
Hamiltonian is given by V/(¢') = ;L. [2ep - A(R,t) + €2A*(R,1)], where the m
is the electron mass, p is the momentum vector in the molecular frame
(r) and A(R, ¢) is the vector potential in the laboratory frame (R).

In crystals, the eigenstates are written in terms of bloch wave-
functions (plane wave modulated by the crystal periodicity function
u(r). For a-solids, we can approximate the eigenstates as bloch-like
wavefunctions (as long as the electron displacement is within x¢'*) with
effective wave vectors k', k" and k for valence band state, intermediate
state and the conduction band state, respectively. The valence band
and intermediate state wavefunctions are given by

g, (r,1)) = u, ek Te- T ®)

(D)) = Ul (r)eX Te T ©)

The conduction band state is approximated by a Volkov-type
solution®

1¢c(r,7)) = U (r) exp {i (k -1 / 'E c[k(t”)]dt”ﬂ 7)
h- 0

7 1 4
Edk(t)=Eg+ 5-(k — eA"))’ ®)

where E, = % mg and my are the effective mass of the valence and the
conduction bands, Eg is the bandgap, r is the spatial coordinate in
molecular frame and A is the vector potential in laboratory frame given
by (A(t)=Ay(acoswtx +PBsinwty) for elliptical polarization. In our
intensity range, the above Volkov-like wavefunction can be limited to a
linear dependency of the vector potential. Solving the time integral
leads to

us() 4. .

_ Y Ker—i(EgT+E T+ yoh[kyasin(@r)—k,fBcos(

|¢C(r'.[)>7 (2”)3/2 elkr H(EgT +E T +Yoh[k asin(@T)—k,feos(T)]) (9)
where E_ = % is the kinetic energy of the conduction band and

Yo= % is the quiver amplitude. Substituting all the above states

(Egs. ZS)—(7)) in the transition amplitude (Eq. (4)) and taking the
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evolution of states over to = — T/2, t = T/2, with the limit 7> «%%, we
obtain

iAi o ik k') 13 /oc € (4 M ik —k)-r 43
M= mh2m)? Zh(w,,w — a))/ uy (), iy (r)e da’r = u, (O (ne d&r

T/2
x Tlim eilEe +€—hw)r(apx COSWT +ﬁpy sin w.r)etyu[k(asm(wr)—kyﬂcas(am]d.r
-T2

10)

Solving the time integral using Jacobi-Anger expansion

cos wrel@sinwt = L5 nJ,(a)e"*, we obtain

iAge 1 pSPA
mhQ2my* Vo5 ™ ,l(,_w

2hsin (B +€ ~ Nha) %)}

w™

/ uk(r)[p"rﬁpy(}u L (r)eiK T3y

X Jp(—Voky @I (Vok,B) {T‘L“; (Eg+e—Niw)

an

where e= "k s the total kinetic energy, m™=m;! — mg! is the total
effective electron mass, and Nhw = (n + Qfiw + hw is the total number of
photons absorbed during the MPAT process. Use of Jacobi-Anger
expansion allowed us to discretize the tunneling contribution and, for
analytical analysis, treated the transition from intermediate state to
conduction band state non-perturbatively. p 37 represents the single-
photon absorption probability amplitude given by

SPA _

il (1)K KT B
P = h(wm—w)/ )V Ul (1)ef d’r

12)

We further define the tunneling probability amplitude as

TNL _ m

Pim = 7 Z ) (—voke @) (Vok,B) / uk(r)[p sz+py Z}u ek 0Ty

mhm??,
13)

Using the property lim,_ . T?S"%) =2mnT6(e+E, — Nhw) where
Xx=(Eg+€— Nhw) Z—Th“, the transmon rate from the valence to the con-

duction band, defined as W, = 4 |M,,|?, can be expressed as

W) =2mhw? S DI DSt 6 €+ Eg — Nho) 14)
m

where the delta function demonstrates the energy conservation for the
full transition. The transition rate W,,(k) is proportlonal to a product of
the single-photon absorption probability |p3F” A| (electron promoted
from the valence band to intermediate state) and the tunneling
probability |pT’VL (electron tunnelmg from intermediate state to
conduction band). Expanding |p3F/ A| in Eq. (14) in terms of higher-order
multipoles®, the absorption rate for left- and right-helical light (with
identical polarization) represented by +sign, W'}), can be written as

W00 = 2m Y [(PIN ™ P 7+ (PN ™ ) B 1+ 2P0y ™)
m
8(e+Ey — Nhw) 15

im [£7°B¢ ] + 2 (oI ey, Re [VE 7|

h((‘)mu - w)z

where, E and B are incident electric and magnetic fields (Supplemen-
tary Section 7 for asymmetric Laguerre-Gaussian beam equation),
u; represents the intrinsic electric dipole, m; is the intrinsic magnetic
dipole, 6; represents the intrinsic electric quadrupole. Since photons
are absorbed in an ordered environment within the short-range
distances in both c-solids and a-solids, we assume that the anisotropic
averaging,()p, results in a finite orientation-dependent weighing factor

Q1.4 As aresult of this simplification, the above expression reduces to

W) =2m > |pINt 2
m

{ol I PIES P + O |lmi 1B 12 + Qyui™ m™)Im "B}’ |
—_—

EIE1 MimM1L EIM1

8(e+E, — Nhw)

2 R
e ]
mv

EIE2

6)

where E1 and M1 are electric and magnetic dipoles, respectively, and E2
is the electric quadrupole. The coupling terms EIM1 and EIE2 are
pseudoscalars and change signs under improper rotatlon Wk is a
product of tunneling probability amplitude |pT’VL| and single-photon
absorption probability amplitude |p;P4|”. The above equation can be
generalized to the multiphoton case and was also shown to be
responsible for the origin of HD in chiral and achiral molecules®.

HD (Type 1) is proportional to the difference in the interband
transition rates between left- and right-handed helical light with beam
asymmetry parameter § can be expressed as:

W= W; Wy =2 D [0 ) (1 57 ] - 5]
m

~0, (3o ) (Re [0 ] - Re [vi7 ]| %
my

a7

E1E1 and M1M1 terms do not contribute to HD (Type I) because the field
intensities and profiles remain the same for both helicities. Evaluation
of above equation shows that HD (Type I) is a beam-dominated
property as the material tensors are identical for both the helicities.
Moreover, within dipole approximation, the tunneling contribution
IPTM 2 results in identical rates for both helicities.

The HD (Type 1) is dependent on the beam asymmetry parameter
6 where 6 = 0 represents symmetric beam and 6 # 0 asymmetric beam
(Supplementary Section 7 for beam profiles). The EIM1 contribution
for both symmetric and asymmetric beam vanishes because we take
the difference between the left- and right-helical beams for the same
polarization. Therefore, HD (Type I) arises due to EIE2 coupling term.
The E1E2 term contains the gradient of the electric field giving rise to -
dependence. Therefore, for symmetric beams EIE2 contributions
average out to zero and only exist for asymmetric beams. For left- and
right-circularly polarized light, the EIM1 term is nonzero and gives rise
to conventional chiral signal

The total transition rate, W,,, can be obtained by integrating,
W,,(K), over all momentum states. For numerical estimation, shown in
Fig. 5, we assume the summation over all intermediate states in the
above equation is dominated by a single state that is pre-determined
by the incident photon. The total transition rate is enhanced when the
intermediate state is in resonance with the incident photon energy. In
addition, we use linearly polarized light to simplify W,,(k) and perform
the integration using the properties of Bessel’s functions and the weak-
field limit for the non-perturbative discrete transition rate*°>* (Sup-
plementary Section 9 for details) to obtain

20,00 * .
WS W= AP T EYEST — ETET|) = oY
AW=W} — W; 3h2(wm,,—w)2W<Re [V,EI E; } Re [V,Ej E; ]) D(Y* —Y7)

18)

where Y* = Re[V,E; ] represent the optical helicity describing the
handedness of the helical light, its association with the field gradient
gives rise to [-dependence. This quantity is odd under parity with a
change in the sign of the displacement of the singularity, §, and time
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reversal changes the handedness of helical light. Also,

L mopg, \? [ edg \ (2m\ P o — E\ PR
@m*h <m(q—1)!> <2m1w> <hT> <(2117*1)>

where n=n+1 is the total photons absorbed for linearly polarized
light. HD(Type I) can now be defined in terms of energy absorbed I'
normalized with respect to the incident laser energy, &;,. as:

W=

_h(W5 —W5)

Ar=rt 1= SRS (1Y) (20)

where D= ’;—D HD (Type 1) is obtained by integrating over the beam
cross-section J%, Ardxdy

For an order of magnitude estimation of D, we used the following
values; the intrinsic dipole as u; = 1.65 x 107° Cm®, the quadrupole for
fused silica molecule as 6;=9.3 x10™* Cm*(glass)*, Ao =Eo/w where
Ep=71x10%t0 1510 V/m and @ =2.35x 10" Hz. p,,,,/m~E, /m"*’E,
is the bandgap between intermediate and conduction band (7.4 eV),
m*=mo=m;=107°kg*, and E; =9 eV is the full bandgap. We assumed
(i) Q4 =1 (ordered environment for crystals and amorphous materials
within the short-medium-range distances), (ii) single level dominates
the total transition rate, (iii) The summation of the Bessel functions is
evaluated by retaining in the sum over n only the term closest to
resonance for the intermediate state tunneling contribution and (iv)
one-photon transition is highly nonresonant so that ,,;,, — @ = ®** (v)
dominant component of optical helicity (Y) with respect to displace-
ment of singularity. Due to discretization of transition from inter-
mediate state to the conduction band during the tunneling process we
assume 7 =5 and n=n +1 corresponding to bandgap energy. Thus, the
value of D is 7.3 x107. The above numerical estimate was plotted in
Fig. 5a, c as a function of displacement of singularity. The estimated HD
values differ by few orders of magnitude compared to experimental
values. This variation could be due the approximate values used for
electric dipole and quadrupole moment and the material response.

For n-photon transitions, |pf;;f‘|2 should be substituted by the

multiphoton contribution (|p’,‘n45"|2) in the transition rate W,,(k) and
will contain multitude of cross-correlation terms arising from the
summation in the modulus square of the transition amplitude. How-
ever, optical helicity Y* will still be present giving rise to the observed

HD (Type I)».

Helical dichroism obtained using MPAT is not only limited to the
tunneling interaction Hamiltonian l7f written in the dipole approx-
imation. Our experimental results can also be described as long as one
or both of the interaction Hamiltonian either Vf (V;) used in the tun-
neling (multiphoton) probability amplitude includes the contribution
of higher-order multipoles to obtain the EIE2 coupling term. For
higher incident intensities, the interband excitations are dominated by
ground-state tunneling transitions. In this regime, the HD can be
explained as long as the interaction Hamiltonian contains the con-
tribution of higher-order multipoles which gives rise to the [
dependence.

Superposition of OAM and Gaussian

The experimental optical setup consists of a combination of wave-
plates and a g-plate (Supplementary Section 1). When an incident cir-
cularly polarized Gaussian beam propagates through the g-plate, it
acquires an OAM defined by [ =+ 2q. Experimentally, we can measure
the efficiency of the the conversion process. If the conversion effi-
ciency is not 100%, as is often the case, the transmitted light will
consists of a superposition of Gaussian and Laguerre-Gaussian beam.
In other words, a portion of the incident Gaussian will transmit

unaffected and the remaining portion will be converted to OAM. In our
setup, the incident light is vertically polarized.

LHC

g

[V)—s QWP(£45)

I+ 21
RHCQ-pIate_) (ed)]

-QWP(745)— QWP (6)

Vertically polarized light incident onto the first quarter-wave plate
(QWP) generates left-CPL (Right-CPL) if the angle of incidence is 45°
(-45°) with respect to the horizontal axis. Experimentally, the
transmitted light has an ellipticity between 90 and 95% therefore the
major and minor axes are not identical. We must take this in account by
introducing two variables a and 8 (such that |a|? + |,B|2 =1) which are
used to vary the ellipticity of the transmitted light that is subsequently
incident on the g-plate. Depending on the conversion efficiency of the
g-plate, a portion of the light will remain unchanged and the other will
acquire an [-value with opposite polarization due to the retardance of m
radians. The ratio of Gaussian to Laguerre-Gaussian is determined by
the retardation angle &. The second QWP was used to generate linearly
polarized superimposed Gaussian and OAM beam. The third QWP
could be used to produce the desired ellipticities. To determine the
polarization state after each optics we will implement the Jones
matrices convention for QWP(6) and HWP(8), where 8 is the angle with
respect to the horizontal axis®®*’. We can define the operation of the
g-plate by means of a unitary operator My*"’°. The handedness of the
helical light is determined by the incident circular polarization on the
g-plate.

MqILHC) = cos(§) | LHC) +isin(§) RHC )¢ .
Mg RHC) = cos(§)RHC) +isin(§) | LHC e (22)

The portion of the light that acquires an [-value also gains a m phase
shift between polarization components i.e., the g-plate acts like a HWP
with respect to the incident polarization. The output unit vectors of
the electromagnetic field can be determined via Jones matrix multi-
plication of the second and third QWP. Introducing the spatial
components of the incident light we can express the electric field for
both helicities as

B .
i ) ug (x,y.Z)]

(23)

<?‘> = iz {COS(E/Z) (;)e’%ug(xd’rlﬁ Si“(f/2)<
I+

The magnetic field can be obtained via the relation

B(x,y,2)=zxE(x,),2).

(3), -l (e suca (o]
[+

(24)

These expressions were used for the simulations shown in Fig. 5a, c.
The uj (x,y,z) and uy(x,y, 2) are the Laguerre-Gaussian and Gaussian
beam expressions given in Supplementary Section 7%. The % sign
represents the handedness of the helical light.

Data availability

The minimum dataset necessary to interpret the results can be
obtained from the corresponding authors upon request. The raw and
processed data are not deposited in a repository because transmission
measurements generate multiple sets of columns and without proper
context the data could be hard to interpret.
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Code availability
The simulation data were obtained by evaluating the equations using
standard technical software. The code is available upon request to the
corresponding authors.
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1 Experimental setup

Transmission measurement were performed using a Ti: Sapphire laser amplifier system (45 fs, 800 nm pulses, pulse energy
of 2.5 mJ). Figure S1 shows the schematic of our experimental setup. For each successive laser pulse, the energy was varied
using a combination of half-wave plate (HWP) and polarizer. Light beams carrying orbital and/or spin angular momentum
were generated and controlled by OAM/SAM unit consisting of a combination of quarter-wave plates (QWP), linear polarizer
(LP) and a birefringent liquid crystal based phase plate called g-plate!-?>. When an incident Gaussian beam propagates through
the g-plate with a topological charge g, it acquires an OAM defined by / = £2¢ with a phase singularity (optical vortex). The
singularity/null intensity region in the OAM beam was displaced by translating the g-plate, mounted on a Xx-,y-stages. Moving
the g-plate with a step size of 250 + 10um translates to a displacement of the singularity by 300 +20nm at the focus.

For every laser shot, the transmitted light signal on the photodiode (PD2) was normalized with the incoming light signal
on PD1, reflected off a glass plate positioned in the beam path. An aspheric objective lens (NA=0.3) was used to focus the
femtosecond pulses to a spot size 2+0.2 um into solid samples mounted on a three-axis translation stage. A second aspheric
objective with the same NA collected and colliminated the transmitted light onto a photodiode (PD2), positioned immediately
after the objective. For each experiment, laser was focussed in the middle of solid sample with typical dimensions 10 x 10 x 1
mm. This was achieved by accurately finding the surface of the sample using back-reflected light that was imaged by a CCD
camera. The signals generated by PD1 and PD2 were stretched by an electronic pulse stretcher, discretized and recorded by a
data acquisition card. The incident pulse energies were measured before the objective. During the measurement, for every
laser shot, the sample was translated by Sum to irradiate fresh sample. A single-shot auto-correlator (not shown) continuously
monitored the pulse duration. The pulse duration at the interaction region was about 100fs.
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FIG. S 1. Schematic of the experimental setup. The power control consists of a combination of linear polarizer (LP) and
half-wave plate (HWP). The OAM and SAM control consists of a combination of quarter-wave plates (QWPs), a birefringent
liquid-crystal phase plate (q-plate) and LP (a third QWP can be used to generate elliptically polarized OAM light). Photodiode
PD1 (PD2) monitors the incident (transmitted) light. The CCD camera was used to find the surface of the sample. A (X,y,z)
translation stage was used to displace the sample. A combination of two aspheric lens (NA=0.3) was used to focus and
collimate the incident and transmitted light.

2 Crystal symmetry from transmission measurement

Orientation dependent nonlinear absorption of helical light pulses in ZnO (11-20) and left-handed quartz (z-cut) crystal are
shown in Fig. S2 for a specific displacements of the singularity. ZnO (11-20) has a cubic unit cell with 4-fold rotational
symmetry and therefore shows a modulation with a periodicity of /2. Quartz has a cubic unit cell with 6-fold rotational
symmetry and therefore shows a modulation with a periodicity of 7 /3. Both crystals exhibit differential absorption between left-
and right-handed asymmetrical helical light, defined as HD(Type I). The orientation dependence of transmission is independent
of the position of the singularity. However, the magnitude of HD(Type I) signal remains invariant with crystal orientation.
Similar results obtained for MgO (100) were presented in the main text.
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FIG. S 2. Orientational dependent transmission of helical light in crystal. For linearly polarized (¢ = 0.05) asymmetrical
OAM beam (I = £3) in (a) ZnO (11-20) for a displaced singularity (6 = —1200 nm) and (b) Left-handed a-quartz (z-cut) for
a displaced singularity (6§ = —300 nm). The error bands represent the standard error at every position of the crystal for n=20.
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The crystal structure can also be reproduced using linearly polarized Gaussian light pulses as shown in Fig. S3a for MgO
(100) crystal, similar to the case of helical light (fig 1b-d). Therefore, the orientation dependent transmission is not limited to
helical light. Fig. S3b shows the energy dependent transmission for a linearly polarized symmetric OAM beam (I = +1,6 = 0)
plotted as a function of crystal orientation. As the pulse energy is increased, the transmission of helical light decreased due to
the increase in nonlinear absorption. For all three pulse energies above the onset for nonlinear absorption, the 4-fold symmetry
is present.

a) ——MgO (1=0,5=0) b) o (6=0 nm, I=+1, s=0)
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100 120 ST 8 100 120 1 T 60— 137nJ
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FIG. S 3. Angle dependent transmission of helical light in MgO (100). (a) For linearly polarized (¢ = 0.05) Gaussian beam.
(b) Energy dependent transmission as a function of crystal orientation for linearly polarized (¢ = 0.05) symmetrical OAM
beam (I = %3 ). The error bands represent the standard error at every position of the crystal for n=20.

Fourier analysis of the orientation dependent transmission identifies the different modulation periodicities associated with
the crystal symmetry. Figure S4 shows the Fourier power spectrum for the orientation dependent transmission curves of MgO
(black) and quartz (blue). For MgO, single peak at 90° corresponds to a 4-fold symmetry. The quartz exhibits a dominant peak
at 60 degrees and a smaller one at 120 degrees demonstrating the 6-fold symmetry. Stronger modulation depth in MgO than in
quartz could be due to different crystal nonlinearities.
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FIG. S 4. Discrete Fourier transform of the orientational dependent transmission in crystals. The black (blue) curve
demonstrate the /2 (7/3) periodicity in MgO (left-handed, z-cut, @-quartz).
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3 Tunability and scalability of HD(Type I) in crystals

Figure S5 shows experimental results on control and tunability of HD(Type I) in MgO, obtained by (i) superimposing Gaussian
and OAM beams, and (ii) varying the /-value. Similar to a-solids (Figure 5), the electric dipole-quadrupole coupling term is
non-zero for asymmetric LG beams resulting in HD(Type I). Since this coupling term contains the gradient of the electric field
it gives rise to /-dependence, both on its sign and value.

In c-solids, the MPAT process can still play a role, although ordered environment, both short and long range always ensures
non-zero HD(Type I) signal upon isortropic averaging. In this case the intermediate states could be due to degenerate exciton
states, defects, impurities, and boundary effects®4.
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FIG. S 5. Tunability of Helical dichroism. Measured HD(Type I) in MgO as a function of the displacement of singularity for
a) variable ratios of superposition of linearly polarized (¢ = 0.05) OAM (I = £3) and Gaussian beams, and b) linearly
polarized (€ = 0.05) helical light with / = £1,+3. The error bars in a) and b) represent the standard error, of multiple
measurements (n=3), calculated for an average peak fluence range used to obtain HD.

4 Fluence Calculation

In Laguerre-Gaussian beams with increasing /-value, the size of the null intensity region at the center increases. Consequently,
for the same spot size higher pulse energies are required to reach the threshold for the onset of nonlinear absorption®. However,
the peak fluence and intensity remains the same for all /-values as can be seen from the inset of Fig. 1a for /=3 and Fig.S6 for
=0.

From the threshold energies and peak power, the /-dependent peak fluence and the intensity was calculated based on the

following equations®:
=22 =22
J 2(|l|+1)r2‘l‘ew(2)2 7 1% 2(‘l|+1)r2‘l‘ew(z)2 1
I[W] " ijtaw (2D [W] it (220D M

where [ = 0;£1;£2;£3... is the orbital angular momentum value, r is the radial direction, w(z) is the radius of a beam
evaluated at z and E is the threshold pulse energy, and P, is the peak power for different /-values.

The peak fluence was obtained by evaluating the radial parameter r at the maxima of the intensity profile, which occurs
when 17 = w3||/2. So, for a Gaussian beam (I = 0) r = 0, and at for OAM beam with [ = 1 r = :I:%and so on. Substituting
the above values for radial parameter, we obtain

For [ = 0 beam : Fy (rp) :2ﬂ 2)

2
wy

—1 E,

For1=1beam: F| (r;) = 2e 5
wg

3)

The [-dependent peak intensity was used to obtain the Keldysh parameter (eq - main text) and the spatial displacement x.
Similarly, peak laser fluences or intensities were obtained for higher order OAM beams. In our experiments with different
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l-values (Fig-1,4), HD was obtained by taking an average of differential absorption between left- and right- handed helical

light over a peak fluence range after the the onset of nonlinear absorption. This insured that response regime we investigated
remained the same.

5 Differential absorption with circulary polarized Gaussian beam

Circular dichroism (CD), defined as differential absorption of circularly polarized (CP) Gaussian beam, is not expected to be
observed in amorphours solids. On the other hand, chiral solids such as quartz exhibit CD. However, solid-state CD signal is

often overshadowed by signals arising from macroscopic anisotropies and linear birefringence’, as can be seen in the figure
below.

To discern the role of polarization and phase of light, we performed transmission measurements with CP Gaussian beams
(I=0) in crystalline and amorphous solids. Figure S6 shows normalized transmission of a left- and right-CP Gaussian beam
propagating through left-handed quartz and fused silica. In the absence of phase, the two curves overlap in the linear regime
exhibiting no differential absorption. In the nonlinear regime, any signal fluctuations are within noise for both types of solids.
Similar results were obtained in the case of MgO and right- handed quartz (not shown).
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Fig S 6. Normalized transmission of Gaussian beams as a function of peak fluence in crystalline and amorphous solids.
Transmission curves for left-circularly polarized (s = +1) and right-circularly polarized (s = —1) light in a) left-handed
a-quartz and b) fused silica. The error bands represent the standard error for for n=3 independant measurements.

6 Noise check: Transmission measurements in air in the absence of sample

In order to check the background noise in our experimental setup, we performed transmission measurements conducted in air
(absence of a sample). Such measurements enable us to ensure that the photodiodes detect identical signals when changing the
helicity of the incoming linearly polarized light from +/ to —I. Fig. S7 a) shows transmission curves (ratio of PD,/PDy) of left
(black) and right (red) handed asymmetrical LG beams through air. The red and black curves overlaps (within 0.5% ) over
the entire fluence range. In addition, Fig. S7 b) shows the difference between the PD1 (PD2) signal for linearly polarized +/
and —I. Signals are centered about zero with a fluctuation of +0.05V and curves almost overlap over the entire energy range.
Both these results demonstrates that there is no arbitrary signal/noise introduced by the experimental setup to the observed
differential absorption in crystalline and amorphous solids. Transmission measurements in air were performed before every
experimental run and for every position of the displaced singularity.
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FIG. S 7. Transmission of linearly polarized (¢ = 0.05) helical light in air for symmetrical OAM beam. a) Ratio of PD2
and PD1 signals for [ = 43 (black) and / = —3 (red). b) The difference in photodiode signals for the two helicities, PD1 in
black and PD2 in red. PD1 (PD2) monitors the incident (transmitted) light.

7 Asymmetric Laguerre-Gaussian beams

Asymmetric Laguerre-Gaussian beams denoted by an asymmetry parameter, 8, was used in our theoretical analysis. For
arbitrary polarization in the paraxial regime, the field components can be written as’

[1]
ind)+i(yFics 2+y? ' ’
) = Boexplkd] (ﬁ«w n v)voi OFiC >>> xp (W)ngm <2ng> 4)

Oty (x,,7)
E*(x,y,2) = Bug (x,,2) (5)
\ if [(OC +if) [7jwo ( (x¢m5)¢l(y:FzC5)ua—L(x,y,z) — W%) (a(x)+B()) ué(x,y,Z)}

(xFind)*+(yFi€o)*

_ﬁ kuo (x ¥z )
B-(x,y,2) = o ug (x,y,2) (6)

. w il 8)Li(xFind
ir 5 | (i) Ml OmE MmO g (1, v,2) — 2 (@(y) — B(x) i (x,3:2)|

where f = A /27wy, o is the laser frequency and p = y/x2 + y2. The =+ represents the rotational direction of / with no radial
node, p = 0. The polarization factors o and 8 are normalized such that |at|> +|B|?> = 1. Displacement of singularity in the x-y
plane was achieved by varying 1 and . For generalization, we substituted 7 = 3/2 and { = 1/8, considering the movement of
singularity to be perpendicular to the polarization following experimental conditions.

Ey is the normalization factor obtained by integrating the intensity over all space (-0 to + o), for (/ = 1) it is given as :

B 22w
Fo= \/n(a2 +B2) (2wi + k2w +2(82+n?) 62 (1+k*wf)) @

Intensity profile of asymmetrical Laguerre-Gaussian beam with varying singularity position (6) is shown in Fig. S8. As a
correction to the paraxial regime (due to its finite / dependence) the longitudinal component of the field (E,) can be considered®°.
The contribution of the longitudinal component becomes significant when light is focused tightly using a higher NA objective
and is recently demonstrated in differentiating nanoparticle aggregates using helical light'”.
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FIG. S 8. Asymmetrical Laguerre-Gaussian beam. Simulated intensity profiles of asymmetric OAM beams obtained by
varying the & parameter.

8 Multiphoton assisted tunneling

Absorption of electromagnetic field by any material results in electron transition from an unperturbed ground state to an excited
state or continuum (conduction band in case of solids). The transition mechanism is primarily governed by the energy of
the incident photon and energy difference between the ground and excited/continuum states. When photon energy is lower
than the energy difference, absorption is dominated by nonlinear process either via multiphoton absorption when the incident
field intensity is low or via tunneling when the field intensity is sufficiently large. The type of mechanism can be identified
by Keldysh parameter, 7, for both solids and gases. When y 2 2, transitions are dominated by multiphoton and when y < 1
they are dominated by tunnelling!'~!3. 1 < y < 2 is the intermediate regime in which combination of both multiphoton and
tunneling contribute to electron transitions, known as Multiphoton Assisted Tunneling (MPAT).

In MPAT, electron transitions from the ground state (valence band in solids) to an intermediate state (band tail/defect states
in solids) by absorption of a single or multiple photons followed by transition to the continuum (conduction band in solids) via
tunneling. MPAT is therefore responsible for the smooth and continuous transition from the dominant multiphoton ionization
to the pure tunneling regime characterized by the varying Keldysh parameter. The idea of MPAT is based on the fact that
whenever an incident photon is absorbed it causes the wavefunction to extend to larger distances depending on the wavelength
and intensity of the incident light. Ionization via tunneling can readily occur from such extended and weakly bound states''.
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FIG. S 9. Feynman diagrams for a) multiphoton regime, it takes an absorption of (n+ 1)k to reach the conduction band. b)
MPAT process, absorption of n-photon leading to an excited/tail state and subsequent tunneling to the conduction band. c)
tunneling regime, the incident field is strong enough to force the electron to tunnel from the valence band(yy) to the conduction

band(l//fc).

Ionization probability for MPAT process can be qualitatively understood by a unified approach where the total probability
amplitude consists of a product of two separate amplitudes corresponding to single/multiphoton absorption and tunneling. It
can also be visually understood using Feynman diagram shown in Fig. SO for all three different regimes. In general, transition
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amplitude is defined as a projection of non-interacting state to a fully evolved state at large times'*"'® given by
Mi = lim (0] %4(0)) ®)

where W;() is the total wave function of time-evolved ground state, y,, when the laser field is turned on. W;(r) is a solution
of the time-dependent Schrodinger equation, [ih% — H(t)]¥:(t) = 0. In the presence of the laser field, the full Hamiltonian
is given by H(t) = Hy+ V (t) where Hj is the field-free Hamiltonian and V (¢) represents the interaction Hamiltonian of the
system at time . The final state y/(¢), and initial state are orthogonal, (Y| I[/§> = 0. The total wavefunction is obtained by
solving the the time-dependent Schrodinger equation using the Green function G(z,t"). The Green function is closely related to
the time evolution operators, G(z,t') = —i@®(r — ') U (¢,1')'*1° where @(r — 1) is the Heaviside step function and U (¢,1') is a
unitary time operator. Therefore, the total wavefunction can be expressed as

[P, (1)) = Uo(t,t0) | We) — %/t:@(z — U)WV ()| we(t'))dr’ )

The first term corresponds to unperturbed evolution, Uy(z,t), of the ground state and the second term corresponds to
evolution of the ground state when the laser is turned on at time fy.

The transition amplitude is not limited to just initial and final states. We can partition the total Hamiltonian to introduce
intermediate excited states, which can be obtained by expanding the time propagator U (¢,t') in terms of the Dyson series'+!7.
In the Dyson expansion, we consider up to the second order term which corresponds to first order MPAT process (a single
photon absorption to the intermediate state and subsequent tunnelling from this intermediate state to the continuum/conduction
band). By substituting the expanded time propagator into the total wavefunction (eq. 9) and afterwards inserting this expanded
wavefunction into the transition amplitude (eq. 8) we obtain

My =g [tttz + 25 [ [ @10 (00 (w.5) hw)lys(e)dnde (10)

where V; and Vf are the interaction Hamiltonian at time 7; and 7, respectively. Also, we used the property of the Heaviside
step function lim ©(¢ — 7) = 1. The first term in the above equation represents standard ground state tunneling and the second
[—ro0

term represents the first order MPAT process. When experimental intensities are not sufficient for ground state tunneling
(intermediate regime, 1 < ¥ < 2) the second term becomes dominant. Therefore, for a multitude of intermediate states, the
MPAT transition amplitude is given by

M= 2 [ 0197 2) 1 (0 (o ()10 (2.2 V) s ) an

where we introduced the projection of the intermediate state 1 = Y,,,| W, (7)) (W (7)|'8. Using the property (y;,,(7)|U (7,71) =
{Wm(71)], and explicitly writing the time component we obtain

1 ! N T N .
Mo = X [ o @10 @lyn() [ ylVim)lyge ™ andz (12

The multiphoton component of the interaction Hamiltonian, V;, can be written in a non-dipole form containing E1, M1 and
. . . 2 I ot - . .
E2 terms. For single photon absorption, we substitute V; (') = V;e '®" in the above equation (where ® is the laser frequency)
to get

<wm|‘7l|Wg> l/t N -(w 760)1-

M, =Yy 2rmitive/ - . o |

fs ;h(wmg—w) 7y dt(wy (7)|Ve(7)|Wm(T)e )
Mgpa Mg

The transition amplitude My, is a product of time-independent transition amplitude, Msp4, corresponding to a single photon
absorption to an intermediate state and time-dependent amplitude, M7y, corresponding to tunneling from intermediate state to
continuum/conduction band. V; (V) is the multiphoton (tunneling) interaction Hamiltonian.
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For the n’* order MPAT process, the transition amplitude consists of a product of the n-photon absorption and subsequent
tunneling.

2 1 T . ’
o= (5 ) T [ axturn o) [ artwnl @) el () o (14

where cl a (r) is the probability amplitude of the (n — 1)™ order perturbation (multiphoton probability amplitude)'®. The n®
order probability amplitude can be expressed as

" 1 ¢ A - o
o) (1) = <n) Y [ tyl¥ () lyief" (1) e (15)
1 Yo

Multiphoton transitions in MPAT will result in multitiude of excited state cross-correlation terms and coupling terms
arising from multipole expansion due to the tensor nature of the material response. However, the material cross terms (such as
electric—-magnetic dipole and electric dipole—quadrupole coupling) will have similar qualitative behaviour as that of a single
photon case. Therefore, to keep the equations tractable, we consider the MPAT process using single photon absorption in the
manuscript.

Equations 12 can also be obtained by writting the time evolved initial state y,(7) as a linear combination of eigenstates

(bound-state) of the unperturbed Hamiltonian!®-2%, as

v (r,7)) = Yelr) (2)e  F F g (r Zcm (2)| (. 7)) (16)

m

where E,, is the energy of the m™ eigenstate, ¥, (r), where @,y = (E,, — E;) /h

9 Total MPAT transition rate for linear polarization

To obtain a numerical estimate of the total transition rate, for simplicity, we consider the incident field as linearly polarized.
Therefore the probability amplitude from the main text (equation 11) becomes:

iAge 1 spaDem o . 2nsin ((Eg+ € — nho) %)
My=——-77— In(—vky) | 1 17
T mhr) R &P ks n;mn n(=10ks) | fim, (E; + € —nhw) an
where € = * " is the total kinetic energy, m*~! = ml_1 —my !is the total effective electron mass and nfi® = Nho + ho,

and assummg the intermediate and conduction band states have similar k ( K” ~ k’ =~ k) the material response p¢;, =
o ui (x) paad (0)dr

Following the main text, we further define the tunneling transition contribution as

TNL mj Pem
Pem —W . Z NIy (—Ykx) (18)

2
Using the property lim T? S’"Xz(x) 27hT 8 (€ + Eg — nhw) where x = (Eg + € —nh®) £ ', the transition rate from valence
—yo0

to the conduction band, defined as W,., = 5 |M , can be expressed as
2 2
Wey (k) = 27the0 Y L™ ook |” 8 (€ + Eg — nho) (19)
m

The total transition rate (per unit of volume) can be obtained by integrating over crystal momentum associated with the

discrete transition:
W = / ﬁw (k)
- (27‘[)3 cv

Using the properties of Bessel’s functions, the weak-field limit for the non-perturbative discrete transition rate is given
by?1:22
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2n—1)/2
_ 1 Z mlwl?cm |SPA eAo \*" 2m’” ez M oy (20)
(27)*n - 2m @ 1> (2n—1)

where

1 * my nvm *
DS = o I PIES P b PIBE P 4 2 m ) ol (£ B 4+ (01 pRe [ViEFEE] | 2)
B (O — ©)° J

Difference in the interband transition rates between left- and right-handed helical light with beam asymmetry parameter &

can be expressed as:

AW = Wi W5 = W 2 (Guror) (re [ty ] e [virer )| =p ) e

HD(Type I) can now be defined in terms of energy absorbed I" normalized with respect to incident energy, &y, as:

h
Eine

Al'=Tr—-T" =
N——
HD (Type I)

(W5 —W5)=2(r"-17) (23)

where W = ’pSP A! W from eq-29, 9 = P‘I—D and Y* = Re {V,EJiEli*} represent the optical helicity term describing the

handedness of helical light. Optical helicity can be expanded as™, Y* = [(VoEgEy +Eq(VaEp)")] =Re [Eii*ViEfT} . The
above equation was plotted in Fig.5 as a function of displacement of singularity in the main text.
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5.3. INTRINSIC DICHROISM IN AMORPHOUS AND CRYSTALLINE SOLIDS WITH HELICAL LIGHT

Figure 5.2: Illustration of a fused silica being irradiated by asymmetrical helical light.

156



GAS PHASE - HELICAL LIGHT INTERACTION

This chapter will focus on the experimental results obtained from a time-of-flight mass spectrometer where
ions produced in the interaction region are detected. It will be divided into two gas phase techniques to
study molecular and atomic systems in the strong-field regime. The first section will consist of the chiroptical
technique, as detailed in our fourth article published in Scientific Reports. Here, we found that the chiral
recollision yields of ions and fragments are influenced by the handedness of the elliptically polarized light. This
variation in ionization results in an efficiency comparable to PECD and surpasses CD. A detailed section on
recollision dynamics lays the foundations for the description of the mechanisms responsible for the chiroptical

effects.

The second section focuses on orbital angular momentum-dependent strong-field ionization an article sub-
mitted to Nature Physics. In this approach the chiral optical probe is replaced from CPL to asymmetrical
helical light, offering new degrees of control over the ionization of atoms and molecules. Our findings indicate
that ionization of chiral and achiral molecules are strongly influenced by the handedness, [-value, and can be
manipulated by shifting the phase singularity. This observed differential ionization is also shown for atomic sys-
tems such as argon. Lastly, by using asymmetrical helical light, the field strength and the field gradient around
the optical vortex can be manipulated to increase the ponderomotive energy and force with [-value. A theory

section on non-dipole tunnel ionization with asymmetrical LG beam is provided with additional supplementary
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6.1. RECOLLISION DYNAMICS

information.

6.1 RECOLLISION DYNAMICS

Recollision dynamics in strong field physics can be understood by expanding the transition amplitude in SFA to
higher-order terms using the Dyson series (S-matrix method). Such higher interactions include non-sequential
double ionization (NSDI), recollision-induced excitation and subsequent ionization (RESI), and Field-induced
excitation and subsequent recollision ionization (FESI). These exhibit chiral dynamics when the polarization of

the driving field is elliptical and when higher-order multipoles such as M1 are included.

There are three main steps in recollision dynamics: i) ionization of the atom or molecule, ii) the liberated
electron propagates in the continuum and gains kinetic energy from the oscillating electromagnetic field. iii)
recollision of the liberated electron with the parent ion. The collision can be elastic or inelastic. The elastic
collision generates higher energetic photoelectrons or high-frequency photons. The inelastic recollision generates

correlated double ionization of the parent ion.

In general, the transition amplitude is defined as a projection of a non-interacting state to a fully evolved
state at large times [40, 65|, given by equation 3.60 in chapter 3 section 3.2.5 and is often referred as Keldysh
amplitude. The transition amplitude is not limited to initial and final states. We also partition the total
Hamiltonian to introduce an intermediate excited state [77] to the conduction band. Thus, the transition

amplitude for a certain excited state to the final state can be expressed using Dyson equations|76, 77].

The final-state partition of the total Hamiltonian is H(t) = Ho(t) + Vy(t) where Hys(¢) is the final-state
reference Hamiltonian and V;(t) is the final-state interaction. We can also introduce a third (intermediate)
partition of the total Hamiltonian H(t) = Hy;(t) + V;(t) which corresponds to the intermediate reference

Hamiltonian Hy;(t), V;(¢) is the intermediate interaction [65, 76, 77].

ty ty

A

. . . . ty . . . .
Ult,t)=Us(t, 1)+ U (t,m1) Vi (1) U (11, 7) d11 +/ Us (t,m72) Vi (12) U (12, 71) Vi (1) U (11, 7) dTidra + ...

ti t; t;

(6.1)
Substituting the expanded time propagator into the full wavefunction.

t

B () = Tolt t0lég) =1 | Lot 1)Uy (1.7) Vo)l (7))l
_ i/tbf /t "ot - 1)Uy (t,71) Vi (1) U (71, 7) Vo () [1hy (7)) drdry

_i/t.f/t,f t‘f@(t—Tz)Uf-(t,TQ)x@.(Tz)U(mn)Vi(ﬁ)U’(n,T)VO(TWQ(T))deﬁdTQ+,,, (6.2)

The time propagator takes care of the time ordering, where t; and ¢; are replaced by physical times related to
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6.1. RECOLLISION DYNAMICS

their interaction time range. Projecting the non-interacting state onto the fully evolved state as ¢ — oo and
using the Volkov wavefunction as continuum state (¢ (t)|U(t, ') — <¢}/ (t")] gives us the higher order transitions

amplitudes which describe the first, the second and third order interactions.

M= o [y o () [ 6 @I7 ()8 ) Gty (e

First order Second order

" (;) / / /t:<¢¥(72)Vf(Tz)U(Tml)f/i(ﬁ)U(Tm)%(T)I%(T»dmﬁdﬁ (63)

Third order

1. The first order interaction term typically represents the probability amplitude of the tunnel ionization
of an electron from ground state to continuum where Vo(7) = —p - E — m - B + ... is the external field

multipole interaction Hamiltonian.

2. The second order can be used to describe the transition amplitude for NSDI [98, 99] depicted in figure
6.1 a). The first electron gets ionized by the external field multipole interaction Hamiltonian VO(T) =
—u-E —m - B+ ... and kicks off a second electron from the ion a half cycle later through an electron-

electron interaction Vf (1) =Via = ﬁ

3. The third interaction probability amplitude describes the RESI [100, 101] depicted in figure 6.1 b). This
occurs when the first electron is ionized by the external field multipole interaction Hamiltonian VO(T) =
—p-E—m-B+ ... and recollides with the ion with low kinetic energy resulting only in the excitation of
the second electron via the electron-electron interaction ‘A/i(ﬁ) = V5 and then gets ionized by the remnant
external field Vf (72) = —p-E —m B+ ... or the ion undergoes reconfiguration which leads to a second

electron ionization.

4. The third interaction probability amplitude can also describe the FEST depicted in figure 6.1 ¢). When the
first electron is ionized by the external field multipole interaction Hamiltonian VO(T) =—u-E-m-B+..
and propagates in the continuum, the parent ion interacts with the surrounding field and the second
electron gets promoted to an excited state via the external electromagnetic field \2(71) =—puE-m-B+...
The liberated electron recollides with the excited state electron in the parent ion with enough kinetic energy

to ionize the second electron via electron-electron interaction Vf (12) = Via.

When dealing with the evolution of two-electron (for example NSDI, RESI, and FESI) the initial and
final state can be assumed as a product state of the two interacting electrons [98-101], |w§1)(7), 5(,2) (1)) =
|’¢§1)(T)> ® |w§2) (7)). Moreover, these transition amplitude can be elaborated in further detail by introducing

projectors from the interaction onto the electron [98-101].

Using these recollision dynamics, we can explain the chiral discrimination of limonene observed in a gas

phase chiroptical technique called Elliptical Dichroism by recollision-enhanced femtosecond laser mass spectrom-
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6.2. CHIRAL DISCRIMINATION BY RECOLLISION ENHANCED FEMTOSECOND LASER MASS
SPECTROMETRY
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Figure 6.1: Feynman diagrams for a) non-sequential double ionization (NSDI), b) recollision induced excitation and
subsequent ionization (RESI), and c) field induced excitation and subsequent recollision ionization (FESI).

etry (ED-REFLMS). There are three main mechanisms responsible for the chiral-sensitive double ionization of

limonene:

1. Mechanism 1: Evolution of the parent ion during electron propagation in the continuum.
2. Mechanism 2: evolution of the parent ion after recollision

3. Mechanism 3: Evolution of the liberated electron in the laser field

Further details are shown after the article titled "Chiral discrimination by recollision enhanced femtosecond

laser mass spectrometry" to explain the observed mechanisms.

6.2 CHIRAL DISCRIMINATION BY RECOLLISION ENHANCED FEMTOSECOND

LASER MASS SPECTROMETRY

Our paper introduces an extreme nonlinear chiroptical technique, ED-REFLMS, that combines strong field
physics with mass spectrometry. We demonstrate an enhancement of one to two orders in the enantio-sensitivity
of limonene due to the recollision dynamics of the ionized electron in an elliptically polarized laser field. The
resultant chiral signal represented by Elliptical Dichroism (ED) is 5 times higher than the most efficient technique
to date, the PECD [23-25]. The origin of enhanced enantio-sensitivity of ED-REFLMS can be attributed to
two mechanisms that rely on the recollision dynamics in the combined electric and magnetic fields of the driving
laser: (i) The excited ionic state dynamics mediated either by the laser field or by the recollision process, and

(ii) non-dipole effects that alter the electron’s trajectories.

Below we provide the main highlights of our work.
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6.2. CHIRAL DISCRIMINATION BY RECOLLISION ENHANCED FEMTOSECOND LASER MASS
SPECTROMETRY

(i)

(iii)

In an intense elliptically polarized laser field, the ionized electron propagating under the influence of electric
and magnetic fields acquires a helical trajectory and recollides with the parent ion. The inelastic collision
causes either double ionization or fragmentation of the chiral molecule. By monitoring the byproducts
of the recollision process, we show that the resultant chiral signal in limonene is more than an order of

magnitude higher than conventional circular dichroism mass spectrometry.

We demonstrate the enantiomeric response of the doubly charged and the fragment ion yields to be
asymmetric around linear polarization. The ion yield for the two enantiomers is maximum for an ellipticity

of £15% and is sufficient to efficiently discriminate them.

We demonstrate the ED signal to oscillate between positive and negative values in the wavelength range
of 1300-2400 nm where S-limonene produces more doubly charged ion yield relative to R-limonene and
vice-versa. For some wavelengths, the positive and negative ED signals mirror each other. At certain

other wavelengths, the chiral signal is non-existent.

We discuss how recollision dynamics in a non-dipole regime leads to a sign-dependent response between the
enantiomers. In the presence of a magnetic field, electron trajectories become helical making them behave
like a chiral reagent. Electron helicity is defined by the handedness of light. This universal mechanism
combined with excited ionic state dynamics mediated either by the laser field or by the recollision process

results in (a) enhancement of the chiral signal in ED-REFLMS, and (b) wavelength dependence.

Over a range of wavelengths, the chiral signal from ED-REFLMS is comparable to or at least 5 times
higher than PECD which relies on pure electric dipole transitions in a neutral molecule. In contrast, ED-
REFLMS relies on both electric and magnetic dipole transitions in the cation that are amplified further

by the helical electron trajectories.

ED-REFLMS is an efficient and general technique that can be extended to complex molecules since the

chiral response can be obtained from recollision-induced doubly charged or fragment ions. In principle, it does

not require any variation of ellipticity of the laser polarization. The wavelength response of the chiral signal can

be obtained at a fixed ellipticity. This is analogous to absorption CD spectroscopy, albeit with better efficiency.

ED-REFLMS is a variation of the previously examined cHHG method. However, HHG’s poor conversion

efficiency makes it technically challenging. In contrast, ED-REFLMS is simpler as it only depends on the

detection of ions and is not limited to pure molecular samples. It enables quantitative chemical analysis of

chiral substances even in a mixture of substances without prior chemical separation.
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Chiral discrimination by recollision
enhanced femtosecond laser mass
spectrometry

Jean-Luc Bégin, Maye Alsaawy & Ravi Bhardwaj™’

Chiral molecules and their interactions are critical in a variety of chemical and biological processes.
Circular dichroism (CD) is the most widely used optical technique to study chirality, often performed
in a solution phase. However, CD has low-efficiency on the order of 0.01-1%. Therefore, there is

a growing need to develop high-efficiency chiroptical techniques, especially in gas-phase, to gain
background-free in-depth insight into chiral interactions. By using mass spectrometry and strong-
field ionization of limonene with elliptically polarized light, we demonstrate an efficient chiral
discrimination method that produces a chiral signal of one to two orders of magnitude higher

than the conventional CD. The chiral response exhibits a strong dependence on wavelength in the
range of 1,300-2,400 nm, where the relative abundance of the ion yields alternates between the
two enantiomers. The origin of enhanced enantio-sensitivity in intense laser fields is attributed to
two mechanisms that rely on the recollision dynamics in a chiral system: (1) the excited ionic state
dynamics mediated either by the laser field or by the recollision process, and (2) non-dipole effects
that alter the electron’s trajectories. Our results can serve as a benchmark for testing and developing
theoretical tools involving non-dipole effects in strong-field ionization of molecules.

Chiral molecules lack S, symmetry (improper rotation axis) due to the presence of a chiral center in which an
atom is connected to four different groups of atoms'. Consequently, there is a handedness to the molecule. The
left- and right-handed molecules are non-superimposable mirror images of each other, called enantiomers. They
have identical physical and chemical properties making it difficult to differentiate them. Chiral discrimination
requires an interaction between two chiral systems—a chiral reagent with known handedness that can induce
enantio-selectivity in the second chiral system.

In nature, bio-molecules such as amino acids that make up life on earth are homochiral, where one enanti-
omer exists predominantly over the other due to asymmetric interactions®. Homochirality plays a pivotal role
in our daily life by serving as a chiral reagent for enantio-selectivity. For example, olfactory receptors in our
nose, responsible for the sense of smell, interact differently with the two enantiomers of a chiral system. For
instance, the right-handed enantiomer of limonene has an orange odour while the left-handed enantiomer has
alemon odour’.

In practice, enantio-selectivity can be achieved using circularly polarized light (CPL) as a chiral reagent. CD
is one of the most widely used chiroptical techniques. It arises due to the coupling of the electric and magnetic
dipole transitions, thereby resulting in a differential absorption of left- and right-circularly polarized light™*5.
CD has low-efficiency on the order of 0.01-1% because magnetic dipole transitions are involved®~'>. Moreover,
CD measurements are mostly conducted in solution phase, making it difficult to isolate the optical response of
the chiral molecule from the influence of solvent-solute interactions'>'*. Complementary techniques, such as
vibrational circular dichroism and Raman optical activity'>, have been used to specifically target the molecules
in liquid media by probing the fundamental vibrational bands. However, their use in gas-phase studies has been
limited. So, there is a continued effort to develop new gas-phase techniques to enhance chiral sensitivity; cavity
ring-down polarimetry is one such example'®.

Most gas-phase CD experiments employ highly sensitive techniques based on multiphoton ionization of
chiral molecules instead of conventional absorption of CPL. Electrons or ions resulting from the light-matter
interaction are detected using either imaging techniques such as photoelectron angular distribution'’, mass
spectrometry'®-2! or a combination of both??>. CD measurement with laser ionization mass spectrometry often use
Resonance Enhanced Multiphoton Ionization (REMPI)!#23-27, They rely on resonant electronic absorption of one
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photon, which gives rise to the CD effect and is specific to the molecule, followed by ionization with additional
photons of either the same or different colours. There have been very few studies on non-resonant laser ionization
mass spectrometry?"?. Since the underlying principle of CD in laser ionization mass spectrometry is similar
to the conventional CD, the effect is still considerably small for most UV-Vis transitions in organic molecules.

Photoelectron circular dichroism (PECD)*?** has recently emerged as an effective gas-phase chiroptical
technique with an efficiency of one to two orders of magnitude larger than CD. In PECD, the interaction between
CPL and a chiral molecule results in asymmetric photoelectron angular dispersion that is identical but opposite
in sign for the two enantiomers. PECD arises due to pure electric dipole transitions, therefore, it is highly efficient
compared to conventional CD.

Coulomb explosion imaging is another chiroptical technique in which the momentum of each fragment is
recorded when the molecule undergoes fragmentation upon rapid ionization by an intense laser pulse**2. The
momentum vectors of the fragments are enantio-sensitive as they are of equal magnitude but of opposite sign due
to the non-symmetric behaviour of their coulomb potential. This technique is capable of imaging the absolute
configuration of chiral molecules. However, it cannot be extended to complicated molecules because (1) the
detection efficiency decreases exponentially for the increasing number of fragments and (2) reconstruction of
the molecular structure may not be possible from the kinematic properties of the fragments.

Here we introduce a new extreme nonlinear chiroptical technique based on strong-field ionization of chiral
molecules combined with mass spectrometry. Left- and right-handed elliptically polarized driving laser fields
produce differential yields of doubly charged parent ion or fragment enabling chiral discrimination. The basic
principle of elliptical dichroism relies on recollision physics explained by the semi-classical three-step model**:

1. Ionization of a chiral molecule by strong IR field in the tunneling regime defined by the Keldysh parameter
y < I**. For randomly orientated molecules, the laser field will preferentially ionize a subset of molecules
whose molecular axes are aligned with the field.

2. Laser-induced propagation and acceleration of the ionized electron whose trajectory is influenced by the
electric and magnetic field of the light; the latter corresponds to the non-dipole regime. The maximum energy
of the recolliding electron is 3.17U, where Uj, is the ponderomotive energy?”.

3. Inelastic recollision of the liberated electron with the parent ion leading to direct ionization or excitation of
the parent ion, depending on the kinetic energy of the recolliding electron.

Using limonene, CjoHs, as a test case, we demonstrate Elliptical dichroism based on recollision enhanced fem-
tosecond laser mass spectrometry (ED-REFLMS). It is an extreme nonlinear chiroptical technique with high
efficiency compared to conventional CD (by at least an order of magnitude) and to PECD (by a factor of 5 for
certain wavelengths). ED-REFLMS also exhibits a strong dependence on wavelength. This method is a varia-
tion of the previously examined chiral-high harmonic generation ((HHG) method*, where coherent radiation
emitted as high order harmonics of the driving field was used to differentiate the enantiomers. However, poor
conversion efficiency makes cHHG technically challenging.

Results

Limonene consists of a cyclohexene ring with a methyl group on one end and an isopropenyl group on the other
end connected to a carbon atom that serves as a chiral centre. The highest occupied molecular orbital (HOMO)
is the carbon double bond (C=C) in the cyclohexene ring. 27 lis the ground state cation of limonene with an
ionization energy of 8.54 V3738, The first excited cationic state is a 17 ~! molecular orbital having an ionization
energy of 9.08 eV and belongs to C=C double bond of isopropenyl group. The higher electronic excited cation
states belong to the ionization of sigma bonds o ~12*¥3-41 ‘When irradiated with intense light pulses, limonene
undergoes ionization and fragmentation.

Femtosecond laser mass spectrum of limonene. Figure 1 shows the mass spectrum of S-limonene at
2,000 nm. The dominant peak at m/z = 68 corresponds to the fragment C5H8 However, unlike electron impact
ionization, the next dominant peak corresponds to the parent ion C10H16, which exhlblts a strong dependence
on the wavelength. Doubly charged limonene CjoHi¢ overlaps with the fragment CsHy and can be differenti-
ated using the isotopomer of the parent ion *C!2CoHj;. The insets show the isotopomer of the parent ion at
m/z = 137 and its doubly charged ion at m/z = 68.5. Total doubly charged limonene yield varied from 20 to 50%
relative to the fragment ion signal at m/z = 68 as the wavelength increased from 1,300 to 2,400 nm, as shown in
Fig. 2a. At longer wavelengths, ionization is purely in the tunneling regime (y < 1) resulting in less fragmenta-
tion. Reduced doubly charged ion yields at 1,850 and 1,900 nm is mainly due to lower yield of the parent ion. The
total double ionization yield includes a contribution from both sequential and non-sequential double ionization.
The latter is due to electron recollision which depends on the ellipticity, €, of the laser polarization and disap-
pears for CPL. Therefore, the double ionization signal in Fig. 2a as € approaches *1 is due to sequential double
ionization.

Ellipticity variation of doubly charged ion yield. Chiral response to elliptically polarized light, which
acts as a chiral reagent, is shown in Fig. 2b. Positive (negative) values of € correspond to left (right) handed ellip-
tically polarized light. The behaviour of doubly charged limonene yield, as a function of laser ellipticity, exhibits
key features: (1) the yields of the two enantiomers are not maximum for linearly polarized light as expected for
an atom or achiral molecule. (2) The enantiomeric response is asymmetric around the linear polarization. The
double ionization signal is maximum for € ~ £0.15. (3) R-limonene (S-limonene) yield, at 1,700 nm, is higher
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Figure 1. TOF mass spectrum of S-limonene at 2, 000 nm and an intensity of 1.8 x 10'* W/cm?. The right

inset shows magnified region of the parent ion CIOH I and its isotopomer '3C'2CgH;. The left inset shows the

magnified region consisting of the fragzment CsHy and doubly charged parent ion at m/z = 68 along with the
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Figure 2. (a) Yield of doubly charged S-limonene relative to the fragment at m/z = 68 as a function of laser
wavelength. The laser intensity was in the range of 9-10 x 10'> W/cm?. The solid triangle represents the total
double ionization yield while the solid star symbol represents contribution from sequential double ionization

process. The right ordinate shows the values of the Keldysh parameter used in the experiment (blue square). (b)

Ellipticity dependence of doubly charged limonene enantiomers, S-limonene (black) and R-limonene (red), at

1,700 nm and an intensity of 9 x 10'> W/cm?. The blue curve is the ellipticity variation for an achiral test case,
argon. The shaded bands correspond to fluctuations in the ion yields.

for positive (negative) ellipticities. (4) Chiral discrimination is not possible with linearly polarized light since
the doubly charged ion yields remain the same for R- and S-limonene. Small ellipticity values are sufficient to
efficiently discriminate the enantiomers.

Wavelength effects in limonene.

The colour maps of Fig. 3a,b depict the dependence of the signal inten-

sity of doubly charged limonene as a function of ellipticities for a range of wavelengths (1,300-2,400 nm). No
data could be collected at the degenerate wavelengths. The black dashed line corresponds to linear polarization
and the white solid circles represent the ellipticities at which the double ionization signal intensities are maxi-
mum. The chiral response of S-limonene and R-limonene alternates about the linear polarization (¢ = 0) within
an ellipticity range of — 0.15 < € < 0.15. For some wavelengths, the enantio-sensitivity is strong while for others

it does not exist.

The chiral response is commonly expressed in terms of circular dichroism value. Similarly, elliptical dichroism
(ED) can be defined as the ratio of the difference of the double ionization yield to the average double ionization
yield of the enantiomers at a set ellipticity (fe).
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wavelength at an intensity of 9-10 x 10'* W/cm?. The black dashed line corresponds to linear polarization and
the white solid circles represent the ellipticities at which the double ionization signal is maximum.
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Figure 4. (a) Chiral signal represented by elliptical dichroism for C;H?¢ as a function of ellipticity and at

an intensity of 9-10 x 10'> W/cm? over a range of wavelengths. Ellipticity values at which the ED signal is
minimum (maximum) is represented by white c1rc1e (black circle) and the dashed lines are to guide the eye.
(b) Wavelength dependent ED signal for CioHZH o+ ate = 4-0.3 (red solid circles) and for e = —0.3 (black solid
circles). Also, shown is the CD signal for C;oH/; at e = +1 (blue open circles) and for ¢ = —1 (orange open
circles). The error bars represent the fluctuations in the ion yields and the dotted lines are to guide the eye. The
laser intensity was in the range of 9-10 x 10'* W/cm?.

ED(%e¢) = zw (1)
R(Ee) + S(Ee)

Figure 4a shows the chiral signal expressed by ED for doubly charged limonene as a function of ellipticity for
different wavelengths. Solid (open) circles represent the ellipticity values at which the ED signal is maximum
(minimum) at a given wavelength. The chiral signal oscillating between positive and negative values indicates
the double ionization yield of R-limonene being dominant for some wavelengths while S-limonene is dominant
for the other wavelengths.

A full ellipticity scan is not essential to study wavelength-dependent chiral response. Instead, a wavelength
scan at a fixed ellipticity should suffice, as shown in Fig. 4b for € = 0.3 or in Fig. 5a for € = 0.2. Figure 4b shows
the wavelength dependence of the chiral signal for singly charged limonene for CPL (¢ = =£1) and doubly charged
limonene for € = 3-0.3. The following three key features are exhibited:

1. A typical laser mass spectrometer measures the CD signal using CPL. In limonene, a CD signal of 0.16%
%% was measured previously at a wavelength of 213 nm. In our measurements, in the wavelength regions of
1,500-1,750 nm and 1,950-2,300 nm, the CD signal is less than 2%. At other wavelengths, the singly charged
ion yield was too low to measure the chiral signal. Similar results were obtained for elliptically polarized
light.

SCIENTIFIC REPORTS |

(2020) 10:14074 | https://doi.org/10.1038/s41598-020-71069-9 165



www.nature.com/scientificreports/

Q
-

Elliptical Dichroism Signal (%) for C7H9+

Photon Energy (eV)

0.89 0.78 0.69 0.62 0.56
20 1 1 1 1 I

Photon Energy (eV)

0.89 0.78 0.69 0.62 0.56
I I I I 1

0.52

A=)

0.52

@ g=02
@ =102)

-ke-- g=—0.2
He-- g=+0.2

2+

[,

1
ol e
e e

&
!
>—0'Ttx.:. i

Elliptical Dichroism Signal (%) fo C, H,

T T T
1800 2000 2200

Wavelength (nm)

T T
T T T
1400 1600 2400 1800 2000 2200

Wavelength (nm)

T T
1400 1600 2400

Figure 5. Wavelength dependence of ED signal (a) for singly charged limonene fragment C;Hg, and (b)
doubly charged limonene at € = £0.2. The error bars represent fluctuations in the ion yields. The laser intensity
was in the range of 9-10 x 10'* W/cm?

2. By monitoring the doubly charged limonene yield, which arises from recollision, the chiral signal represented
by ED increased to ~ 20% at 1,700 nm with elliptically polarized light, an enhancement by up to a factor of
10. The enhancement factor peaks between € = £0.2 and € = +0.4 (Fig. 4a) and disappears for linear and
circular polarization. As discussed later, such an enhancement of the chiral signal can arise from the recol-
lision dynamics in the presence of the laser magnetic field. For comparison, the chiral signal measured by
PECD using REMPI at 420 nm was at 4%.

3. For some wavelengths, the positive and negative ED signals for doubly charged limonene mirror each other.
At certain other wavelengths, the chiral signal is non-existent. In 1,500-1,750 nm and 2,050-2,300 nm
wavelength regions, R-limonene produces more double ionization than S-limonene for positive ellipticities.
Whereas, S-limonene produces higher doubly charged yield relative to R-limonene from 1,800-2,000 nm.

In molecules where it is not feasible to identify the doubly charged parent ion because it is either unstable or
cannot be differentiated from a fragment, a chiral response can still be studied by monitoring recollision induced
fragment. Figure 5a shows the wavelength dependence of ED signal for singly charged C;Hg fragment ion at an
ellipticity of € = 40.2. Chiral signal exhibits larger fluctuation due to lower yield of the fragment ion relative
to the doubly charged yield. For comparison, the ED signal for doubly charged limonene at the same ellipticity
value is shown in Fig. 5b. The ED signal and the wavelength dependence are nearly the same whether one moni-
tors the fragment or doubly charged.

Discussion
Enantio-sensitivity always requires a sign dependent response between the enantiomers. In CD, the probability
of measuring an enantio-sensitive transition is proportional to the matrix element involving the electric and
magnetic dipole interference term or by the molecular rotatory strength which is sign variant under improper
rotations*-%*2. In PECD, the chiral response is described by the differential cross-section of a photoelectron
defined in terms of the angular distribution function®*-°. The ionized electron exhibits a forward-backwards
asymmetry in the angular distribution due to momentum conservation during the photoionization process.
Chiral discrimination by ED-REFLMS technique can be understood by considering recollision dynamics
beyond the dipole approximation. Strong-field ionization is often formulated within the dipole approximation,
which assumes the laser wavelength is longer than the electron trajectory or the electron velocity is much smaller
than the speed of light. Therefore, the magnetic effects on the electron are ignored leading to trajectories that are
always in the plane of the laser polarization. However, at higher intensities, the magnetic field begins to exert a
significant force on the ionized electron and its trajectory exhibits a figure 8 motion with major axis along the
direction of the electric field and the minor axis along the direction of propagation®’. The onset of the magnetic
field effect occurs when the field-induced displacement along the propagation direction approaches an amplitude
that is a significant fraction of an atomic unit****. This happens at higher intensities for shorter wavelengths or at
lower intensities for longer wavelengths. ED-REFLMS experiments are performed on limonene at an intensity of
9-10 x 10> W/cm? in the near IR region (1,300-2,400 nm) which falls in the non-dipole non-relativistic regime.
There are three possible mechanisms where the laser magnetic field plays a role in the recollision dynamics.
All are described in terms of the time evolution of the chiral system at each step of the recollision process within
the non-dipole approximation.

1. Mechanism 1: Evolution of the parent ion during electron propagation in the continuum.
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Figure 6. Energy level diagram illustrating chiral sensitive mechanisms 1 and 2 (a,b). The | g)and ! g>(+)
represent the ground state of neutral and cationic states of C;9Hje. (a) Evolution of the parent ion from

| g) ' 1) cationic states induced by the elliptically polarized field (orange arrows) as the electron
propagates in the continuum (red arrow). Recollision occurs on excited cationic state |e) ) of the molecule and
the second electron is liberated to the continuum (blue arrow) resulting in non-sequential double ionization.
(b) Evolution of the parent ion after recollision from the | g> to highly excited cationic states |e) ™ (blue
arrow). The elliptically polarized laser field induces electric and magnetic transitions (orange arrows) in these
highly excited states that subsequently undergo field ionization. The energy levels were obtained from limonene
photoelectron spectrum®*. (c) Schematic showing the electron trajectory in an elliptically polarized field along
with asymmetric transverse momentum spread.

Between the ionization time (¢’) and the recollision time (%), the elliptical laser field can interact with
a second electron in the ground state of the cation CloHTs and induce electric dipole (E1) and magnetic
dipole (M1) transitions at time ¢”. The interaction will be chiral sensitive when both the E1 (polar-vector)
and M1 (pseudovector) transitions are involved. Recollision takes place on an excited state of the parent
ion, as shown in Fig. 6a. For molecules containing C=C bond, a w — 7 * transition is E1 allowed. However,
the M1 transition is forbidden in an achiral system. For a chiral system, the M1 transition is nonzero due to
the asymmetrical properties of the enantiomers and is sign variant when either the ellipticity of light or the
enantiomer is switched*>=¥.

In limonene, E1-M1 transitions can promote the singly charged ion from ground state | g>(+) to an excited
electronic cation state |e) (orange arrows in Fig. 6a) as the ionized electron propagates in the laser field (red
arrow). Recollision occurs on the excited cationic state |e) ") at time t,. Due to chiral-sensitive transitions
induced by the elliptical field, electron densities in the excited cationic states are enantiomer dependent.
After recollision, the double ionization signal (blue arrow) is dominant for one enantiomer compared to the
other for the same ellipticity. This mechanism is similar to the “type-1I” mechanism of cHHG?® and is also
analogous to CD. However, E1-M1 transitions in CD occur in the ground state of the neutral molecule while
in ED-REFLMS they occur in the parent ion.

2. Mechanism 2: Evolution of the parent ion after recollision.

In recollision, the maximum kinetic energy for the returning electron is 3.17U, when it is released into the
continuum near the peak of the laser field. Electrons can also be released into the continuum before or after
the peak, resulting in long or short trajectories. Soft recollisions can occur for electrons with lower pondero-
motive energies from either shorter trajectories, or from longer trajectories that return to the parent ion at
a clipping angle. Depending on the electron impact cross-section for the parent ion, the inelastic collision
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can promote the cation to a highly excited Rydberg-like state instead of removing the second electron (blue
arrow Fig. 6b). The remnant laser field interacting with the highly excited cation can induce chiral sensitive
transitions (orange arrows), and eventually lead to removal of the second electron.

3. Mechanism 3: Evolution of the liberated electron.

In an elliptically polarized laser field, an electron in the continuum acquires a helical trajectory due to the
influence of the magnetic field (Fig. 6¢). Since the helicity of the electron trajectory is defined by the hand-
edness of the light, it behaves like a chiral reagent. A chiral response can arise when (a) for a given electron
helicity the collisional cross-section is different between the two enantiomers, or (b) the recolliding electron
interacts with different regions of an enantiomer for opposite ellipticities.

In addition, the tunneling electron acquires an asymmetry in its initial transverse momentum along the
direction of propagation due to the Lorentz force. This asymmetry in the electron transverse momentum
translates into an asymmetry in double ionization probabaility*®. In the dipole regime, with E-field along
x-axis, the initial transverse momentum of the electron is symmetric in the y-Zz plane. The magnetic field
together with recollision dynamics acts as a gate selecting only a subset of the initial tunneling-electron
momenta that are opposite to the propagation direction of the laser field. Only this subset of electrons can
lead to double ionization*®. The asymmetry is either in a positive or negative z-direction depending on the
direction By-field (handedness of incident elliptical light).

For a chiral molecule in the presence of an elliptically polarized field, the asymmetric electron wavepacket
behaves like the chiral reagent. Thus, the combined effect of breaking the symmetry of the electron momen-
tum distribution and out of plane electron trajectories can lead to different double ionization yields of
limonene enantiomers for a given ellipticity of light (Fig. 6¢). This is a universal phenomenon and becomes
prominent at longer wavelengths and higher intensities.

All three mechanisms can occur simultaneously in limonene. However, mechanisms 1 and 2 require mag-
netic dipole transitions in the cation that can still be relatively weak. Together with the universal mechanism 3,
they can give rise to the observed enhancement. Any insight into such efficient extreme nonlinear chiroptical
response requires new theoretical tools that take into account the non-dipole effects on strong-field ionization
of molecules.

Wavelength dependence of chiral signal has been observed in chiroptical techniques such as absorption CD
and PECD?*”*. In absorption CD, it is attributed to the Cotton effect***’, a change in the extinction coefficients of
S- and R-limonene for right and left circularly polarized light**. In single and multi-photon PECD of limonene,
varying the photon energy led to (a) modulation of the chiral signal mirroring the principal vibrational features
observed in the photoelectron spectrum, and (b) flipping of the forward-backwards asymmetry in the angular
emission of electrons relative to the photon beam direction®**”*. The wavelength effects of the chiral signal are
attributed to the excitation of vibronic states of the cation and/or intermediate electronic states of the neutral
molecule.

Although CD and PECD involve excitation of intermediate states, since PECD arises from pure electric
dipole interaction, the chiral signal is several orders of magnitude greater than the absorption CD. Currently,
understanding the role of the intermediate resonances is subject of experimental and theoretical investigations.
Recently it was demonstrated, by decoupling bound-bound and bound-continuum transitions, that the helic-
ity of the light pulse that drives the bound-bound transitions has a negligible effect on the PECD*"*2. However,
circularly and linearly polarized laser pulses still lead to different PECDs because of the angular dependence of
the excitation process, which induces different anisotropies.

In ED-REFLMS, where the photon energy was varied from 0.51 to 0.95 eV, all three mechanisms that can
contribute to the chiral signal are wavelength dependent. However, mechanism 3 alone cannot give rise to the
flipping of the chiral signal with laser wavelength as it does not involve any intermediate states of the cation. In
mechanism 1, when an electron is promoted into the continuum, the laser field is still intense enough to induce
vibronic and multiphoton electronic excitation of the cation C1oHjy. Some of these bound-bound multiphoton
transitions can exhibit varying responses in the two enantiomers for different wavelengths. Therefore, upon
recollision, the excited state dynamics influence the double ionization rates.

For example, from 1,500 to 1,750 nm where R-limonene produced more double ionization signal than
S-limonene, the HOMO-2 at 10.57 eV and HOMO-3 at 11.05 eV can be accessed by 3-photon and 4-photon
excitation, respectively. Similarly, from 2,150 to 2,300 nm they can be accessed 4-photon and 5-photon excita-
tion, respectively. In the wavelength range where S-limonene produced more double ionization signal than
R-limonene, HOMO-3 can be accessed by 4-photon excitation over the entire range, whereas HOMO-2 can be
accessed only from 1,750 to 1,830 nm by 3-photon excitation.

In mechanism 2, the parent ion is promoted to a highly excited Rydberg-like state. At recollision time, the
field is minimum, decreasing the probability of multi-photon absorption. The induced transitions are, therefore,
most likely from 1-photon absorption to a dense manifold of vibrational Rydberg-like cationic states. In either of
the above mechanisms, laser-induced transitions access different excited higher electronic and vibronic cationic
states. The change of wavelength can affect the allowed molecular orbital transitions within an enantiomer. Small
variation in the orientation of the E1 and M1 dipole transitions alters the coupling term which favours certain
transition channels over others directly influencing the chiral signal detected by ED-REFLMS.

The similarities between the elliptical dichroism signal for double ionization and fragmentation can be under-
stood by considering the complex potential energy surfaces of limonene. Upon photoionization, the molecular
ions can undergo fragmentation through a multitude of dissociation pathways via intermediary states where
several rearrangement reactions occur prior to dissociation®. The ionization energy of limonene is ~ 8.54 eV
while the appearance energies of fragment ions such as CoH};, CsH 5, C;Hy and CsHy are in the range of 9-11.5
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eV. The pathways to these fragment ions are direct elimination of the associated neutral fragment or sequential
elimination of CHz and CyHy. The same fragment ions can also arise from the dissociation of excited di-cationic
states, in which case, two charged fragment ions are formed that have appearance energies close to the double
ionization threshold.

In mechanism 1, recollision takes place on excited cationic states. Under normal circumstances, these excited
cationic states evolve in time leading to more fragmentation. However, because the recollision dynamics occur
on a short time scale of 2.5-5.5 fs (2/3 of an optical cycle for wavelengths in the range of 1,300-2,400 nm), much
shorter than the dissociation time, the molecule undergoes a direct transition from excited cationic state to
either ground di-cationic state (double ionization) or excited di-cationic state (fragmentation). In mechanism
2, soft recollision with the parent ion leads to excitation of Rydberg like cationic states. The remnant laser field
interacting with highly excited cationic states can induce chiral sensitive transitions leading to the removal of
second electron or fragmentation. Coincidence measurements can shed light on the relative influence of the two
mechanisms and on the origin of the fragment ion from the dissociation of excited cationic or di-cationic states.

ED-REFLMS is a highly efficient technique where the chiral response can be obtained from either recollision-
induced fragment or doubly charged ion (Fig. 5). The technique is ideal for molecules that produce stable dou-
bly charged molecular ions which can be easily identified from fragment ions. In large molecules, the detailed
molecular structure can affect ionization. So, when fragmentation overwhelms ionization, the technique can still
be used to discriminate enantiomers provided the fragment ions produced by recollision are still dominant. The
technique would be severely limited when contributions from sequential processes outweigh the non-sequential
processes. This could be the case for some complex molecules.

In principle, ED-REFLMS does not require any ellipticity variation. The wavelength response of the chiral sig-
nal can be obtained at a fixed ellipticity (Figs. 4b, 5). This is analogous to CD spectroscopy where the differential
absorption of CPL is measured for different wavelengths, albeit with better efficiency. Moreover, ED-REFLMS
enables quantitative chemical analysis of chiral substances by performing mass selective spectroscopy even in a
mixture of substances without prior chemical separation. In addition, extreme nonlinear chiroptical techniques
like cHHG and ED-REFLMS serve as a benchmark for testing and development of theoretical tools that include
non-dipole effects in strong-field ionization of molecules. Such tools enable interpretation of the fundamental
relationship between chiroptical properties and detailed molecular structure.

Methods

Experiment. In the ED-REFLMS technique, near-infrared femtosecond laser pulses are focused onto a
randomly orientated limonene molecule C;oH;¢ in gas phase by a parabolic mirror in a deferentially pumped
vacuum chamber housing a time-of-flight mass spectrometer (TOFMS). The ions produced in the interaction
region of TOFMS, operating in a Wiley-McLaren geometry, are accelerated and propagated through a field-free
region of 30 cm where they are detected by a micro-channel plate. The ion signal is then amplified, discriminated
and recorded by a time digitizer to generate a TOF mass spectra. Mass calibration was achieved using Xenon
atoms and the spectrometer has a FWHM mass resolution of 550 at an m/z = 132.

Both enantiomers of limonene (from Sigma Aldrich) have sufficient vapour pressure at room temperature
to be introduced into the vacuum chamber in gas phase through a precision leak valve. Limonene underwent
a freeze and thaw cycle to minimize contamination of the interaction region. The pressure inside the vacuum
chamber was maintained at ~ 1.2 x 10~ Torr. To minimize number density fluctuations in the interaction
region, limonene was maintained at 25 °C using a temperature bath and the gas line along with the leak valve
were maintained at a positive temperature gradient. S-limonene and R-limonene have a purity of 96% and 97%,
respectively.

Since limonene has low ionization potential, experiments were performed in the wavelength range of
1,300-2,400 nm to ensure adiabatic ionization. These wavelengths were obtained from an optical parametric
amplifier (TOPAS-C) pumped by a Ti:sapphire laser system (Spitfire, Spectra-Physics) operating at 1 KHz repeti-
tion rate, producing ~ 40 fs pulses with a maximum pulse energy of ~ 2.5 mJ. The pulse duration was monitored
on a shot-to-shot basis by a single-shot autocorrelator. A half-wave plate polarizer combination was used to
control the pulse energy. A fast photodiode continuously monitored the laser pulse energy incident on a 3 mm
thick quartz window on the vacuum chamber.

A quarter-wave plate (QWP) on a motorized rotation stage (with a = 0.005° resolution) controlled the ellip-
ticity, €, of the laser polarization. For each laser wavelength, the QWP was calibrated and € = 0, corresponding
to linear polarization, was accurately determined from the ellipticity dependence of doubly charged argon. The
maximum ellipticity obtained was € = £0.96 corresponding to nearly circular polarization. The uncertainty in
ellipticity was £ 0.02.

Doubly charged limonene yields were recorded for each enantiomer by varying the ellipticity from ¢ = —1
(RCP) to € = 1(LCP) in at least two different quadrants of the rotating QWP. Fluctuations of the ion yields and
error bars related to the elliptical dichroism signal were computed based on repeated measurements under simi-
lar conditions. The ellipticity was varied in steps of 0.04 around linear polarization and in steps of 0.08 beyond
€ = 0.2. ED-REFLMS measurements in limonene were performed at an intensity of 9-10 x 10'3> W/cm? over
the wavelength range of 1,300-2,400 nm, below the measured saturation intensity of ~ 12-13 x 10'> W/cm?. At
each wavelength, the intensity was calibrated by measuring the saturation intensity of argon.
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6.2. CHIRAL DISCRIMINATION BY RECOLLISION ENHANCED FEMTOSECOND LASER MASS
SPECTROMETRY

6.2.1 CHIRAL-SENSITIVE RECOLLISION DYNAMICS

Mechanism 1: Evolution of the parent ion during electron propagation in the continuum. The time propagator
él), 52) >, before

the laser field is turned on. The interaction between the EM field and the neutral molecule is described by the

Ug(l’Q) (t',to) describes the time evolution of the two-electron system in the ground state,

interaction Hamiltonian Vi at time /. At ¢’ the first electron is ionized creating a parent ion with the second
electron remaining in the ground state. The time evolution of the liberated electron is described by the Volkov
time propagator U‘(/l) (t",¢) and U‘(,l) (t,t"), the electron propagates in the continuum between ionization time ¢’
and the recollision time ¢. At t”, the second electron in the parent ion interacts with the laser field described by
the interaction Hamiltonian Vs at time ¢ and transitions to a higher cationic state. The propagator U (t,t")
describes the evolution of a second electron in an excited cation state from time ¢” to the recollision time ¢.
At the time ¢, the liberated electron recollides with the excited cationic state and spontaneously liberates the
second electron into the continuum through an inelastic electron-electron impact described by the interaction

potential Vlg. Both electron are ionized and evolve according to U‘(/l’Q) (00, t).

The mechanism is chiro-sensitive due to the chiral-chiral interaction between the coupling of the chiral

molecular multipoles (the electric and magnetic dipoles) of the ion with rotating electric and magnetic driving

field expressed by the term <¢\(/1 )’ Vi ()

§1)> for the first electron and <w£2)’ Vira ()

52)> for the second
electron. The correlation term Vi, can also demonstrate chirality due to the direction of the propagating electron
(see mechanism 3). Let the non-dipole Volkov time-propagator be U‘I,V D = Uy for simplicity. Below is the full

transition amplitude for mechanism 1.

o t
My (. w2yt 17) = / dt / at" / e (85 (w4, 2hi 1, )| U (00, 1) @ U (00, 1) Vol (1,17)

@ U (t,4") Vpa () UL (¢, 8) @ UP (7, ) Vel U (¢ 1) @ U (t o) \¢§1>, v@) (6.4)

Where @Y is the non-dipole Gordon-Volkov wavefunction, 7y p is the non-dipole canonical momentum
(see the section on non-dipole Gordon- Volkov wavefunction in Appendix A.2). For convenience, we consider
only two electrons and approximate them as a product state. We can write the transition amplitude in a more

useful form by introducing the projectors.
Where Vi = \m% (KW, 1) 7¢§2)>< 2o mGh (6D, ¢)| Vi \wé”, 52)> <¢g S ‘,
VF2 ‘TFND k(1)7t//) 7/(/)£2)> < (g2)77r§\})D (k(l)vtn) VF2 ‘WE\})D (k(l)at/) 71/}‘(]2)> < !(]2)771—5\})D (k(l)at/) )
Vo = [, (00, 1) 75, (02,1) ) (755 (02, 6), 75D (00, 0)| Vaz |7 4], (60, 7)) (w70, (kO,27)|.

Note,

and

él), w§2)> < 52), 5(71) is a projector onto the two-electron field free ground state.

[mith (K0, 04 (s iy, (60, 7)

the second electron onto the field free ground state.

projects the first electron onto the continuum state while projects
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‘77](\}33 (k(l), t”) ,w£2)> <’(/J( ) 771(\23 (k(l), t”) projects the first electron onto the continuum state and projects
the second electron onto an excited ionic state.
‘ (1) pM.1), ﬂﬁg (p (2),t)> <7r1(3}) (p?,1), WE\})D (p(l),t)’ projects both electron onto the continuum state.

The simplified transition amplitude for mechanism 1 becomes

1 (5 ) (7)) = [ a0 () o () )

<¢£2)’ Viea () ¢§2)> <7T§\23 (k(l /) £(71)> oS (TN T kot ) (6.5)

Vi (1)

where the phase is represented by

o0 o0

1 2
/dT (1) p(l §/d’r (2) p(z) ))

t

S (w}&}),wﬁ},,k ¢t t”

l\D\H

t
2
/ dT 7O (k T)) +ED (t—t")+ EQ + EVY (6.6)

where the energy Eél) denotes the first ionization potential, Ef) the ground-state energy of the parent cation

and E£2) the energy of the state to which the second electron is excited. The intermediate momentum of the
first electron is given by k and the final momenta of both electrons by p(*:?). The full transition amplitude for
mechanism 1 of ED-REFLMS describes a physical process in which the first electron leaves the atom at a time
t', propagates in the continuum with momentum k& from ¢ to ¢, and upon return, kicks off the electron in the

excited state of the cation. The second electron was promoted from a ground cationic state with energy E_,§2) to

an excited cationic state with energy EéZ)

at time ¢”. Both electron reaches the detector with momentum p(*)
and p(®.

Mechanism 2: Evolution of the parent ion after recollision. The interaction between the EM field and
the neutral molecule is described by the interaction Hamiltonian Vpl at time t’. At ¢ the first electron is
ionized creating a parent cation with the second electron remaining in the ground state. The time evolution
of the liberated electron is described by the Volkov time propagator U‘(/l) (t”,t'), the electron propagates in the
continuum between ionization time ¢’ and the recollision time t”. At t”, the liberated electron recollides with
the ground cationic state, through the interaction Vi2, and promotes the cation to a highly excited Rydberg-
like state because the recolliding energy of the liberated electron is not sufficient to directly ionize the second
electron. The remnant laser field interacting with the highly excited cation, Vi (t), can induce chiral sensitive
photon transitions which can eventually lead to the removal of a second electron at time ¢. The propagator

U€(2) (t,t") describes the evolution of a second electron in an excited cation Rydberg-like state after recollision

time t.
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The mechanism is chiro-sensitive due to the i) chiral-chiral interaction between the coupling of the chi-
ral molecular multipoles of the ion with rotating electric and magnetic driving field expressed by the term
(820 6| 7o )

chiral electron and the ion, <7r](\}33 (p(l), t) ,1&9’ Vi ’71'1(\23 (k‘(l), t') ,1/)52)>. The transition amplitude for mecha-

1/)£2)>, the electric and magnetic dipoles coupling term and ii) the collision between the

nism 2 becomes

oo

M, (w](\})[,,wﬁD,t ¢ t” /dt/dt”/dt <I>ND A}},,wﬁ}),rl,rg,t)‘ U (00,t) @ U (00, ) Viea () (1)

U (10" & US) (4,87 Vit YU (1,8 @ U (¢, ¢) Via (1)U (¢ 10) & U (¢ t0) [0, 02 ) (6.7)

For convenience, we consider only two electrons and approximate them as a product state. We can write

the transition amplitude in a more useful form by introducing the projectors.
Where ‘71«“1 = ’WSL (k(l),t/) 7¢§2)> < 52)775\})[) (k(l ’1/19 ﬂ/’(2)> < éQ),¢§1)‘7
Via = ‘w(l) (7)) (0220 (00, 17) | Vi \ﬂND (B0, ¢, 0P ) (967,70 (KO, 1) |,
Virg = ‘ (W, 1), 73, (p<2>,t)><7r§§}3 (@, 1), 7Y (pD, 1) ’sz(w% M, ), w(2)><¢( )7 (pD, 7).

where the projector is similar to mechanism 1. The simplified transition amplitude for mechanism 2 becomes

and

1"

e ) 5 () 16) = [ [ [ar e )

i ﬂ_(l) 71_(2) an
(nib (p07) P Vaalt") |miip (60, ) 02 (miip (K0, ¢) gy S (b et )

(t')

(6.8)

where the phase is given by

2
S(w}vl)D, 7O kbt t” = /dT WNDD W _7/dT @) (2) ))

t"’
1
-5 / dr (WEV}J (lm)) +ED (t—t") + EQ + EOY (6.9)

t/
The full transition amplitude for mechanism 2 of ED-REFLMS describes a physical process in which the first
electron leaves the atom at a time ¢, propagates in the continuum with momentum k from ¢’ to ¢/, and upon
return, gives part of the kinetic energy to the core ion so the second electron is promoted from a state with

2)

energy Eéz) to an excited cationic state with energy E® at time ¢”. The first electron reaches the detector

with momentum p»). At a subsequent time ¢, the second electron tunnels from the excited state, reaching the
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detector with momentum p(?.

Mechanism 3: The evolution of the liberated electron in the laser field. This mechanism shows the chiral
trajectory of the liberated electron, thus acting as a chiral reagent. Consider the force felt by an electron in an
electromagnetic field for right-handed elliptically polarized light, a + i57, where o and 8 determine the degree

of ellipticity of the light such that |a|+|8|= 1. The polarization of magnetic field is b=2xé

Fruc =eE+v x B =eE(at +i69) + eB(vy& + vy§ + v,2) X (—ifT + af) (6.10)

Fruc = eE(at +1i07) + eB(—av.& — ifv.y + (avy +ifvy)2) (6.11)

Let’s apply the reflection operator &,, which is a unitary operator, %&; = 1, acting only on the y-component.
6y|RHC>&Z = 6y(at + iﬂgj))&; = ai —ipy = |LHC). Therefore, when the reflection operator acts on the
right-handed elliptical light it transforms it to left-handed. A similar operation can be performed on the Force.

6,Fruco) = 6, [eE(ai +i8)) + eB(—av.d — iBv.j + (aw, + iBvy)2)] 6} (6.12)

6,Fruco) = eE(ai —if)) + eB(—av.d + iBv.j + (aw, + iBvy)2) (6.13)

This is the force acting on the electron for a right-handed elliptical field under the reflection operator which is

not identical to the force acting on the electron for a left-handed elliptical field given by
Fruc =eE(ai —ify) + eB(—av.& + ifv.§ + (v, — ifuy)Z) (6.14)

resulting in a difference in the recollision dynamics. Moreover, using the parity operator we can see that the
force from the laser field, from a left- or right-handed elliptical field, felt by the electron is similar in magnitude,
however, the clockwise nature of the propagating electron is opposite, Fryc # Frgco. Symmetry can elucidate
the difference in the electron trajectories. Thus, in the non-dipole approximation the electron behaves as a chiral
reagent during propagation (between time ¢’ and ¢,.). Without the magnetic field, the force on the electron would

be identical.
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6.3 ORBITAL ANGULAR MOMENTUM CONTROL OF STRONG-FIELD PHYSICS

IN GAS PHASE

Recent advancements in strong-field ionization and electron dynamics have been largely due to the effects
of polarization and carrier-envelope phase. However, with the newly emerged asymmetrical OAM beam, an
additional degree of control in the form of OAM value can be employed to influence the ionization and recollision

dynamics.

In this article, submitted to Nature Physics, we demonstrate that the tunnel ionization of atoms and
molecules is strongly influenced by the sign and value of the OAM. This can be further manipulated by dis-
placing the phase-singularity in the vortex beam. We reveal that the field gradients and the helical handedness
of an asymmetric OAM beam directly influence the degree of distortion of the atomic and molecular potential,

leading to l-dependent tunnel ionization and helical dichroism in both atoms and molecules (chiral and achiral).

Our approach includes the contribution of multipole moments, specifically the electric-quadrupole and
magnetic-dipole, during strong-field ionization with linearly polarized, asymmetric helical light beams. We
validate our experimental findings by extending Keldysh theory of SFA beyond the dipole approximation and

incorporating the spatial profile of Laguerre-Gaussian beams into the analysis.

Furthermore, we demonstrate that the peak ponderomotive energy and average ponderomotive force increase
with the OAM value and can be controlled by adjusting the displacement of the singularity in the vortex beam.
Therefore, with an asymmetric OAM beam, a threefold increase in ponderomotive energy for [ = 9 is achieved
compared to a Gaussian beam. This results in extending the cut-off harmonics by the same amount without
the need for a laser operating at longer wavelengths.

We conclude that ionization effects and photoelectron dynamics can be manipulated by varying the degree
of OAM and the asymmetry in the optical probe.

The key advantages of our work:

(i) Demonstration of OAM-dependent ionization in atoms and molecules. These results show that both atoms
with spherical symmetry and molecules with broken symmetry are responsive to the helical phase of the

incident light.

(ii) Challenging the conventional wisdom that tunnel ionization is purely a peak field phenomenon. The field
gradient of an asymmetrical probe combined with its OAM value affects the probability of ionization and

directly influences the plasma density.

(iii) Control and precise tuning of differential ionization by the displacement of singularity present in an OAM
beam. This unique feature of our technique can be implemented in other chiroptical techniques such as

PECD to enhance their efficiency of detection.
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(iv) Extension to Keldysh ionization model. With the contribution of the higher-order multipole moments,

the chiral probe is shown to affect the distortion of Coulombic potential.

(v) Scaling of the peak ponderomotive energy with I-value. This directly influences the recollision dynamics

and can have implications in the three-step model via the HHG and NSDI.

(vi) The variation of average ponderomotive force as a function of the position of singularity and I-values.

This enhancement can facilitate the acceleration of charged particles in plasma physics.

We show that asymmetrical helical light distorts the atomic and molecular potential resulting in 1-dependent
ionization. This distortion of Coulomb potential can have a profound influence on the photoelectron angular
distribution. By implementing the chiral probe with previously established gas phase chiroptical techniques
such as PECD it could significantly improve their efficiency of detection. Moreover, the OAM control of single
ionization can be easily extended to the study of doubly and triply charged ions. An asymmetrical OAM beam
is shown to affect the ponderomotive energy which should influence the well-known NSDI knee shape as well as

the electron wave packet spreading which can be investigated with ellipticity variation.

Asymmetrical OAM beams provide additional parameters to control extreme nonlinear processes in attosec-
ond physics, recollision physics, plasma physics, and gas phase chiroptical detection. We believe our work will
have a large impact on the future development of strong-field physics and its spectroscopic applications. The
research should be applicable and intriguing for a very broad audience and merits publication in the leading

magazine addressed to such an audience.

6.3.1 ADVANCEMENT IN STRONG-FIELD PHYSICS

Irradiation of an atom or a molecule by an intense laser pulse can cause the valence electron to overcome
the potential barrier and transition into the continuum, leading to ionization. This process occurs when the
laser field strength is comparable to the Coulomb field of the atom or molecule. The non-resonant strong field
ionization is significantly impacted by the peak of the laser field and can be manipulated by varying the carrier-
envelope phase [102], pulse shaping [103-105], coherent control [106, 107], and utilization of bichromatic light
fields [108].

The freed electron experiences a quiver motion in the presence of the oscillating electric field of the laser, ac-
quiring ponderomotive energy that scales linearly with the laser intensity and quadratically with the wavelength.
This energy is pivotal in HHG process and serves as a foundation for attosecond science. The recombination of
the ionized electron with the parent ion produces energetic photons extending up to soft X-rays within the wa-
ter window. Rescattering between the laser-driven photoelectron wave packet and the parent ion also provides
access to the molecular structure via laser-induced electron diffraction [109-111] and nuclear dynamics [82, 112,

113]. The dynamics of the ionized electron can be controlled with attosecond precision by the polarization of
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light and customized optical waveforms [114]. Moreover, spatial gradients in the amplitude of the oscillating
electric field generate ponderomotive force, a time-averaged force acting on charged particles, propelling them
towards regions of weaker field strength. Ponderomotive force is a fundamental concept in plasma physics, ex-
tensively utilized to manipulate and control the motion of charged particles. It is integral to various laser-driven
electron acceleration mechanisms, including direct laser acceleration [115-117] and acceleration by laser-driven

plasma [118-121].

The primary focus of advancements in strong field and plasma physics revolved around the interaction
of matter with Gaussian light beams. These beams exhibit a spatially symmetric field profile with a planar
wavefront at their beam waist. In such beams, the contribution of field gradients to ionization is often neglected
due to spatial averaging over the entire interaction region. Consequently, most theoretical models describe
strong-field dynamics using the dipole approximation. For Gaussian beams, the two key factors significantly
influence the electron dynamics: the peak strength of the electric field dictated by the carrier-envelope phase

and the Spin Angular Momentum (SAM) that determines the polarization state of light.

Light can also carry OAM denoted by +lh, associated with the dynamic rotation of the wavefront structure.
In OAM beams, the wavefront deviates from being planar and exhibits a handedness determined by the twist of
the wavefront as it undergoes [ intertwined rotations within one wavelength. Due to this twisting, light waves
cancel each other along the beam axis, resulting in an optical vortex—a null intensity region at the center.
These optical vortex beams are also known as helical light beams. OAM manifests as an azimuthal phase
dependence in the plane perpendicular to the beam direction, providing an additional degree of freedom to
influence light-matter interactions. Transfer of optical OAM to internal degrees of freedom of an atom requires
multipolar transitions [122]| leading to new position-dependent selection rules for absorption of twisted light
by bound electron [123-126]. Interestingly, OAM-dependent nonlinear absorption of twisted light has been
recently demonstrated in chiral and achiral systems, a phenomenon attributed to quadrupolar transitions that

are frequently overlooked [127-129].

Most studies in strong field physics have employed symmetric OAM beams where the phase singularity
(and consequently, the null intensity region) is at the center of the beam. For instance: (i) twisted driving
light fields have been harnessed to generate twisted extreme ultraviolet light through HHG [130-134]. (ii) The
OAM of an intense vortex pulse was probed via strong field photoionization involving two colors, co-rotating
intense circular fields [135]. (iii) The effects of twisted electrons [136-138] were investigated using HHG [139]
and rescattering photoelectron spectroscopy [140, 141]|. (iv) The impact of OAM on photoelectrons has been
explored theoretically [140, 142-144| and experimentally [145, 146] through the formation of interference vortices.
However, the impact of asymmetric OAM (helical light) beams on the ionization of atoms and molecules along
with the electron dynamics remains elusive. In such beams, the displaced phase singularity generates uneven
field gradients, resulting in higher peak field strengths compared to symmetrical OAM beams. These field

gradients significantly affect ionization, rendering the dipole approximation inadequate. Consequently, strong-
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field ionization with asymmetrical helical beams necessitates extending the analysis beyond the dipole regime.

In this section, we demonstrate that strong field ionization of atoms and molecules depends on the OAM
(specifically, the sign and value of ) when the phase singularity in the vortex beam is shifted away from
the center. Ion yields increase significantly for a specific handedness of helical light, exhibiting the opposite
behaviour for the other handedness. This selective ionization leads to helical dichroism in both atoms and
molecules. Additionally, we simulate the ionization behaviour of Argon atoms by extending the Strong-Field
Approximation (SFA) beyond the dipole approximation. We include the contribution of multipole moments
during tunnel ionization for an asymmetrical LG beam. The OAM dependence of tunnel ionization arises due to
field gradients in an asymmetric beam, resulting in differences in the distortion of the atomic potential when the
handedness of helical light changes. Finally, we demonstrate that the peak ponderomotive energy and average
ponderomotive force increase with the OAM value and can be controlled by adjusting the displacement of the
singularity in the vortex beam. The control and tunability of ionization and the electron energy, demonstrated
in this article, by manipulating the phase of asymmetric OAM beam paves the way for new opportunities.
In spectroscopy, it allows to probe conformational changes in molecules with enhanced spatial resolution. In
attosecond science, it enables efficient generation of higher-order harmonics at shorter wavelengths. In plasma
physics, it facilitates efficient production of higher-energy charged particles, and by modifying the plasma

density, laser filamentation can be effectively employed for remote sensing applications.

6.3.2 EXPERIMENTAL METHODS

To probe OAM-dependent strong field ionization of atoms and molecules we measured the ion yields using a
time-of-flight mass spectrometer. A g-plate was used to convert the incident Gaussian beam to an OAM beam
via spin-orbit coupling. Translating g-plate with respect to the incident beam generated asymmetric OAM

beams in which the phase singularity (and hence the null intensity region) is displaced within the focal spot.

6.3.2.1 TONIZATION MEASUREMENTS

Experiments were conducted by focusing near-infrared femtosecond laser pulses with a parabolic mirror in the
interaction region of a TOFMS housed inside a differentially pumped vacuum chamber. A Ti:Sapphire laser
system (Spitfire, Spectra-Physics) operating at A = 800nm and a repetition rate of 1 KHz produced ~40 fs
pulses with a maximum pulse energy of ~2.5 mJ. A combination of a half-wave plate and a polarizer were used
to control the pulse energy. The pulse duration was continuously monitored by a single-shot autocorrelator. A
fast photodiode was used to continuously monitor the laser pulse energy incident on a 3 mm thick quartz window
on the vacuum chamber. The ions produced in the interaction region of TOFMS, operated in Wiley-McLaren
geometry, travel through a field-free region of 30 cm after acceleration and are detected by a microchannel

plate. The signal is then amplified, discriminated, and recorded by a time digitizer to generate a TOF mass
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spectrum. A precision leak valve was used to introduce atoms and molecules in the gas phase. The pressure
inside the vacuum chamber was maintained at ~ 1.3 x 10~% Torr. Organic compounds like limonene and acetone
had sufficient vapour pressure, at room temperature, to be introduced in the gas phase. They were subjected
to freeze-and-thaw cycles to minimize contamination of the interaction region. To minimize number density
fluctuations, the chemicals in the glass vial were immersed in a temperature bath at 22°C and the gas line
along with the leak valve were maintained at a positive temperature gradient. The S-limonene and R-limonene
were sourced from Sigma Aldrich with a purity of 96% and 97%, respectively. Measurements in limonene and
acetone were performed at an intensity of 8 — 9 x 10'*W /cm?, below the measured saturation intensities of
~ 12 — 13 x 101¥W /cm?. Measurements in argon were performed at an intensity of 9 — 15 x 10*W /cm?. The
differential ionization curves were obtained by displacing the position of singularity in the cross-section of the
OAM beam. A pair of mass spectra, measured for 100,000 laser shots, were recorded for each handedness of the
incident helical light. Fluctuations of the ion yields and error bars related to the differential ionization signal

were computed based on repeated measurements under similar conditions.

6.3.2.2 CALIBRATION OF MASS SPECTROMETER, LASER INTENSITY AND ELLIPTICITY

Mass calibration was achieved using Xenon atoms. The mass resolution of the spectrometer (full width at
half maximum) was 550 at an m/z (mass-to-charge ratio) of 132. Laser intensity was calibrated by measuring
the saturation intensity of argon. This was achieved by plotting Ar* yields as a function of pulse energy.
The intercept on the energy axis of the semi-log plot corresponds to the theoretical saturation intensity of
~ 2.5 x 10 W /cm?. The extracted focal spot size in the interaction region was 3 + 0.2um, in agreement with
previous measurements. A third QWP was used to change the ellipticity, €, of the polarized helical light beam.
It was calibrated by measuring the ellipticity dependence of doubly charged argon. We obtained ¢ = 0.05 for
linear polarization and € = £0.96 for circular polarization, with an uncertainty of +0.02. The ellipticity was

varied in steps of 0.04 around linear polarization and in steps of 0.08 beyond € = 0.2.

6.3.2.3 GENERATION OF OAM BEAMS AND DISPLACEMENT OF SINGULARITY

A QWP on a motorized rotation stage (with a +0.005° resolution) was used to generate circularly polarization
light incident on a liquid-crystal-based phase plate (g-plate). The incident circularly polarized Gaussian beam
propagating through the g-plate with a topological charge ¢, acquires an OAM defined by [ = +2¢, with a
phase singularity and hence a null intensity region at the centre of the beam, known as an optical vortex. The
handedness of the incident circular polarization determines the direction of rotation of the wavefront structure.
A second QWP was used to generate linearly polarized OAM beams. The conversion efficiencies of the g-plates
were ~ 86 + 2% for [ = 1 and ~ 88 + 2% for | = 3. The singularity in the OAM beam was displaced by

translating the g-plate mounted on an x-,y-, and z-translation stage. Micrometre screw gauge with a step size
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of 500 + 10pum. When focused by the parabolic mirror this translated to a displacement step size of 330 £+ 60nm
in the interaction region with respect to the centre of the beam. The calibration was achieved by measuring the
total translation required to displace the singularity to the periphery of the defocused beam and comparing it

to the measured spot size of 3 +0.2um.

6.3.3 OAM DEPENDENT IONIZATION OF ATOM AND MOLECULES

Figure 6.2a displays the mass spectrum of R(+)-limonene, a chiral molecule, obtained with a linearly polarized
symmetric OAM beam for [ = £1. The peak at m/z=136 corresponds to the singly charged parent ion,CloHﬂ;,
while the peak at m/z = 68 corresponds to both the fragment C’5H; and doubly charged parent ion C’longr .
The latter were differentiated using the isotopomer of the parent ion *Cy5Cy Hfy (m/z=137). The inset shows
the OAM beam profile. The mass spectrum is nearly identical for I = 1 (red) and I = —1 (black) suggesting

that ionization does not depend on the handedness of the helical light.
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Figure 6.2: Mass spectrum of R(+)-limonene for opposite helicities. a) Symmetric OAM beam (6 = 0) for
!l = —1 (black) and [ = +1 (red). b) Asymmetric OAM beam (6= -750 nm) for | = —1 (black) and I = 41 (red). c)
same as (b) for 6 = 750 nm. The laser polarization is linear (s = 0) and the wavelength and intensity were 800 nm and
8 x 10" W/cm?, respectively. The insets show the intensity profile of LG beams.
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Figure 6.2b,c shows the mass spectrum taken at two distinct positions of the singularity, § = £750nm, away
from the center. The insets show the beam profile at the corresponding d—positions. When § = —750nm, the
ionization yields are stronger for I = —1 compared to | = +1 (Fig.6.2b). When the singularity was moved from
one side of the zero position to the opposite side, the behaviour of the ion yields changed with respect to the
helicity of the light, and now the yields from | = +1 dominate over [ = —1 (Fig.6.2¢). Fig.6.2 suggests ionization
yields are strongly influenced by the helicity of an asymmetric OAM beam and could be controlled by varying

the position of the singularity.
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OAM dependent ionization in molecules. Single ionization yields for I = +1 (black) and | = —1

(red) as a function of displacement of the singularity in a) R(+)-limonene, c) acetone. b),d) shows the difference in the
ionization yields between the left- and right-helical light for the respective molecules. The laser polarization was linear
(s = 0) and the intensity was 8x10™® W/cm? and 9x10"® W/cm? for limonene and acetone, respectively.

Fig. 6.3a,c illustrate the variation of the singly charged ion yields for two specific molecules: R(+)-limonene
and acetone (an achiral molecule). These measurements were taken as a function of the singularity position
() for I = £1. The d-dependence of ion yields for —I mirrors that of the +! around § = 0, where the ion
yields are identical. For a specific handedness of helical light, both molecules exhibit an asymmetric double
bump structure. The increase in the ion yields for an asymmetric OAM beam arises from the growing peak
field strength and the change of the field gradient as the singularity is displaced (refer to insets in Fig.6.2).
However, at large § positions, the ion yields decrease because of the diminishing peak field as the beam profile
starts resembling a Gaussian-like beam. At a specific d-position, the difference in ionization between the left-

and right-helical light persists up to saturation intensity (Fig. S6.10 in Supplementary).
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Selective ionization with linearly polarized asymmetric helical light of opposite handedness leads to dichroism
- a property typically observed in chiral molecules with broken symmetry. In our case, the interplay between
the helicity of light and the broken symmetry, introduced by the d-parameter, results in a differential response.
Fig.6.3b,d illustrate the difference in ionization of R(-+)-limonene (see Fig.S6.11 for the other enantiomer) and
acetone, respectively, when subjected to linearly polarized helical light of opposite handedness. This difference
denoted as AY = Y(l = +1,s = 0) = Y(Il = —1,s = 0), is known as Helical Dichroism (HD) and exhibits
a characteristic sinusoidal shape. This phenomenon is akin to the recently observed nonlinear absorption of
helical light in liquids and solids [127-129]. As ¢ increases, AY initially rises until around § = 1um, after which
it decreases as the position of the singularity approaches the periphery of the beam’s cross-section. Similar
results were obtained when the laser polarization was changed from linear to circular (see Fig. S6.13 in the
Supplementary). For a specific § position, the ion yields are predominant for one-handedness irrespective of the

ellipticity of light (see Fig. S6.14, S6.15 in the Supplementary).
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Figure 6.4: OAM control of ionization of argon atom a) Single ionization yields of argon for [ = +1 (black) and
I = —1 (red). b) Difference in ionization between left and right-handed helical light (I = 1). ¢) Single ionization yields
of argon for | = +3 (black) and | = —3 (red). d) left and right-handed helical light (I = 3). The laser polarization was
linear (s = 0) and the intensity for I = 1 was 10'* W/cm? and | = 3 was 1.5 x 10** W /cm?.

The phenomenon of OAM-dependent ionization is not limited to molecules; it also extends to atoms. Fig.
6.4a,c illustrate the variation of the normalized singly charged argon ion yields as a function singularity position.
The black curves in a,c correspond to linearly polarized light | = +1,4& while the red curve represents

l=—1,—3. At higher [-values, the ratio of the maximum ion yields at § # 0 to the ion yields at § = 0 increases
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for a specific handedness of the helical light. Similar to molecules, the J-dependence of ion yields for | = —1,—3
mirrors that of the [ = 41,48 around § = 0. However, argon does not exhibit a double bump structure for a
specific helicity of light. This is due to differences in their ionization potentials. In molecules, ionization occurs
at lower peak fields leading to less suppression of ion yields relative to argon at 6 = £1um. The differential
ionization of argon in Figure 6.4b exhibits the signature sinusoidal behaviour as observed in chiral and achiral
molecules. Notably, fig. 6.4d exhibits an intriguing feature around § = 0, resembling an inflection point. This
behaviour is affected by the incident intensity and arises because the size of the singularity is greater for [ = 3
relative to [ = 1, necessitating a larger displacement to observe an appreciable increase in ion yield. Such an

inflection point around § = 0 was also observed in limonene for I = 3 (See Fig.S6.12 in Supplementary).

6.3.4 SIMULATED OAM DEPENDENT IONIZATION OF ARGON

To understand the origin of OAM-dependent ionization we considered SFA of tunnel ionization and extended it
to include contributions from multipole moments for an asymmetrical LG beam. In standard SFA model, the

transition amplitude from the ground to the final state is given by [40, 65, 77]
t
Mg = =i [ OV ©ley))a (6.15)
0

where (v (t')| is the Gordon-Volkov continuum wavefunction, which is a plane wave modulated by the
laser field, V(¢') is the interaction Hamiltonian within dipole approximation and [¢,(¢')) is the ground state

wavefunction.

To introduce higher order multipoles in the interaction Hamiltonian, we Taylor expanded the vector potential
to the second order about a point R in the velocity gauge and transformed it to length gauge to obtain
V(t') = rEf(R,t') + %rirja/jE\'i(R, ')+ LL;B;(R,t'), where E;(R,t) and B;(R,t) are the incident electric and
magnetic field of the asymmetrical LG laser beam, r; ; is the distance between positive and negative charge in
the atom frame and R represent the coordinates of the laser beam profile. éfE represents the field gradient

and L; is the orbital angular momentum of the magnetic dipole transition moment (for full multipole expansion

derivation see Appendix A.1).

The expanded Gordon-Volkov wavefunction that includes the higher order multipoles is therefore given by

]_ . ’ t A i [t " t A 2 .
Ty (r,t) = Wez(mfx(m )= [ ORART) (AR ) dr )~ 5 [ (p+ARE)— 1 ORA(R,T) (p+A(R,7))dT)"dt (6.16)
s

where A(R,t) is the vector potential of the laser field, p is the electron momentum and 8/1:;4(]%7 t) is the vector
potential gradient (for full derivation see appendix a A.2). Within dipole approximation, the field gradient

tensor term does not exist in the Gordon-Volkov wave function.
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The full transition amplitude used to describe tunnel ionization probability is given by

i / / 1 ’ 3 / 1 / /
Mgy = _i/ (m (0, t, )|l vg) Es (R, ) + §<7T (p,t,t)|rirj|g) 0; Es (R, ') + §<7T (p,t,t")|Li|vg) Bi(R, 1)

— 00

E1l e N
. t
X exp (; / (7% (p, t,t") + 21,,) dt”) dt' (6.17)
t/
where
t —
m(pt,t") =p+ AR, t") — | OrA(R,T)(p+ A(R,T))dr (6.18)

!

Equation (6.17) consists of three terms: M}Egl, MfE;, and M}\gl which are the electric dipole, electric

quadrupole, and magnetic dipole transitions, respectively. The probability of transition is given by
Ppy = |ME} + cMF? + M2, (6.19)

For argon, the ionization probability for symmetric and asymmetric LG beam is depicted in figure 6.6b. We
used the ground state 3p-orbital of argon and the electric field represented by asymmetric LG beam (see
chapter section 2.1.4) and solved the electric dipole, magnetic dipole and electric quadrupole transition matrix
elements in momentum space represented by canonical momentum m(p,¢,t"). The resulting time component of

the transition from ground to the continuum was evaluated using saddle point integration (see section 6.3.5).

To simulate the differential ionization results, we plotted the total transition probability integrated over the

beam cross-section, given by

— 'UJO
Py = / |MF) + M7 + M} *dR (6.20)
—wo

and shown in figure 6.5. ¢ is a constant introduced to adjust the relative strength of the electric quadrupole
transitions. Both magnetic dipole and electric quadrupole transitions are typically ~ 107° - 107° times weaker
compared to dipole transitions, with their strength scaling inversely with the square of the fine structure
constant. The only coupling term that contains [— dependence is the E1E2 term due to the presence of the
field gradient. The mixed-coupling term E1M1 is responsible for circular dichroism and does not contribute to
the differential signal for linearly polarized light.

Figure 6.5a depicts differential ionization probability between left- and right-helical light as a function
of displacement of the singularity for [ = +1 and +£3. These probabilities, obtained at ¢ = 1, mirror the
experimental results shown in Fig. 6.3b,d and Fig 6.4b,d. For higher [-values, the null intensity region is

larger, leading to stronger field gradients and higher peak field strengths. Consequently, differential ionization
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Figure 6.5: Simulated differential ionization probability of argon. a) Simulated difference in ionization proba-
bilities of argon between left- and right-helical light for I = 1 in black and [ = 3 in red, respectively. b) Single ionization
probability of argon for I = 4+1 (I = 43) in black (blue) and | = —1 (I = —3) in red (magenta). They were obtained by
solving Eq.6.20 for vertical polarization and intensity of 10'*W /cm? for I = 1 and 1.2 x 10'* W/cm? for | = 3.

is enhanced but exhibits an inflection point around § = 0, accompanied by a change in the slope, as a larger
displacement of the singularity are required to significantly alter the ion yield. This effect becomes more

pronounced at higher laser intensities (see Supplementary Fig. S6.8a).

While the behaviour of differential ionization with asymmetry parameter 0 is independent of the c-value,
visualization and qualitative comparison of ionization probabilities with experimental ion yields from Fig. 6.3a,c
necessitated amplifying quadrupole transitions. Fig. 6.5b illustrates the dependence of ionization probability
on the displacement of the singularity for different [—values using ¢ = 200. The electric quadrupole moments of
atoms are known to be greatly enhanced, by a few orders, due to the hyperfine interaction of atomic electrons
with the nucleus [147-150]. Since our theory excludes the Coulomb potential and thus ignores hyperfine interac-
tions, higher c-values are required. Ionization as a function of §—position exhibits an asymmetric double bump
structure. This asymmetry increases with [—value, laser intensity and c—value (Fig. S6.8 Supplementary).
It vanishes at low intensities and becomes prominent at higher intensities until the ground state is depleted.
A quantitative comparison of the ionization probability with the experimental results of Fig. 6.4a,c could be
obtained for ¢ = 200 (see Supplementary Fig. S6.8b). The double bump structure remains unaffected by the

angle through which the singularity is displaced across the center (Fig. S6.9 in Supplementary).

[-dependent ionization of an atom can be visualized by considering the distortion of an atomic potential,
depicted in the schematic of Fig. 6.6a. For a Gaussian beam, the atomic potential is tipped by the applied
electric field, allowing the electrons to tunnel through the barrier. The field gradients vanish for Gaussian
beams when spatially averaged over the beam cross-section and therefore do not play a considerable role in
ionization. In symmetric LG beams, beyond dipole approximation, the quadrupole term depends on the field
gradient but vanishes upon spatial averaging. As a result, ionization is expected to be similar to a Gaussian
beam. However, in asymmetric LG beams, the field gradient for both handedness at a specific position of the

singularity (d-position) are different (@(4—[, +9) # V/]Ei(—l, +4)) and survive spatial averaging. Within the
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Figure 6.6: OAM-dependent ionization in atoms. a) Distortion of atomic potential at peak intensity for a vertically
polarized Gaussian beam (black dashed line) and, for | = —1 (blue) and | = +1 (red) asymmetric LG beams. b)
Normalized transverse profiles of ionization probability for symmetric (§ = Oum) and asymmetric (6 = —1um) LG beam
at an intensity of 1014W/cm2. The x and y-axis are given in microns. Figure a) was evaluated with the beam coordinates
at (1g m,0p m).

interaction region, the spatial rate of change of the electric field is different, thereby causing an [-dependent rate
of ionization. Changing the helicity causes a reduction or enhancement of the distortion of the atomic potential
(red and blue curves). This distortion is dependent on the location within the interaction region. The field
gradient is much greater than the atom size, however, local hot-spots can enhance the signal. Therefore, the
ionization can be manipulated by displacing the phase singularity, which directly affects the peak of the field,

as well as the field gradient within the interaction region.

Figure 6.6b shows the transverse ionization probability profile for | = 41 at 6 = 0 (left column) and
0 = —1lpm (right column) calculated using equation (6.19). At & = 0, the average ionization probability is
nearly identical for left- and right-helical light. However, a horizontal cut across the beam cross-section reveals
a slight asymmetry in the distribution, with a slightly greater presence on the left (right) for I = +1 (I = —1).
At § = —1pum, the average ionization probability increases compared to § = 0 and is greater for [ = —1 relative
to | = 4+1. In addition, the asymmetry in ionization along a horizontal cut across the beam cross-section is
enhanced for [ = —1 compared to [ = +1. For § = +1um, the trend reverses, with [ = +1 producing higher
ionization compared to I = —1, consistent with experimental results (Fig. 6.3,6.4).

These subtle differences in the distortion of the atomic potential, induced by left- and right-handed OAM
beams, give rise to intriguing phenomena in strong-field physics. They have the potential to imprint charac-
teristic features on the angular distribution of the ionized electron with a preferred directionality by changing
either the handedness of helical light or the sign of §-position. When extended to chiral molecules, the asymme-

try in the molecular potential could increase/decrease the photoelectron emission along a particular direction.
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This can lead to efficient chiral discrimination, analogous to photoelectron circular dichroism, and be further
enhanced through the utilization of higher [-values. Moreover, the directionality of the ejected electron can
be controlled by angular rotation of the singularity in the transverse plane of the laser focus. This capability
provides an additional control parameter to manipulate the molecular potential manifold and therefore the
reaction dynamics. Additionally, the transverse spreading of the ionized electron wavepacket can be influenced,

thereby affecting recollision dynamics (see Fig. S7.5 in the Supplementary).

The peak field strength varies across the beam profile when the singularity is displaced in an OAM beam.
It rises with § and eventually reaches a maximum. As J increases further, approaching the edge of the beam
cross-section, the peak field strength decreases as the beam profile starts resembling that of a Gaussian beam.
This variation in peak field strength has a direct impact on the ponderomotive energy of the free electron, as
depicted in Fig.6.7a. At higher [-values, the null intensity region expands, and the field gradient intensifies.

Consequently, the ponderomotive energy increases with [-value and reaches a maximum at smaller ¢ values.

The tunability of ponderomotive energy with asymmetric OAM beams significantly impacts high harmonic
generation, a critical process in attosecond science. Transitioning from a Gaussian beam to an asymmetric
OAM beam, at an intensity of 10** W /cm?, results in a threefold increase in ponderomotive energy for [=9.
This translates to extending the cut-off harmonics by the same amount without the need for a laser operating
at longer wavelengths. Although, the phase matching condition and the ground state depletion may limit the
extension of the cutoff. Moreover, the drift energy of the electron, which is proportional to the ponderomotive

energy, can be regulated by displacing the singularity within the transverse plane of the laser focus.
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Figure 6.7: Tuning the ponderomotive energy and force. Simulation of a) peak ponderomotive energy, and b)
average ponderomotive force, at an intensity of 10'*W /cm?, for different positions of the singularity in a linearly polarized
OAM beam and for different [-values. The open circles correspond to a Gaussian beam at the same laser intensity. The
ponderomotive force was integrated over the beam cross-section at the laser focus.

The controlled generation of electron wavepackets with asymmetric OAM beams also facilitates to probe
molecular dynamics by taking snapshots of conformational transformations. This is possible either by scattering
of the electron wavepacket from its parent molecular ion (i) elastically leading to a diffraction pattern, or (ii)

inelastically leading to multiple ionization and fragmentation from which changes to bond length and angles
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could be extracted. The ability to increase the ponderomotive energy of the electron with OAM beams enhances
the spatial resolution in such studies. However, the temporal electron dynamics in the laser field, wvis-a-vis
ionization and recollision times, remains the same for both Gaussian and OAM beams (see Supplementary

6.16).

Figure 6.7b illustrates variation of the average ponderomotive force at the focal plane as a function of
the displacement of the singularity, J, for different [-values. This force was obtained by integrating over the
cross-section of the laser beam at the focus and depends on the gradient of the intensity. For a Gaussian
beam, the average ponderomotive force is zero, represented by a circle. The behaviour is similar for symmetric
OAM beams. However, when the singularity is displaced the ponderomotive force exhibits a local maxima
and minima that increases with the [-value. The position of local maxima and minima in the ponderomotive
force aligns with specific 6 values where differential ionization exhibits maximum magnitude (Fig. 6.5b,d). In
plasma physics, a factor of forty enhancement in ponderomotive force with asymmetric OAM beams facilitates
the acceleration of charged particles to extremely high energies. This method serves as an alternative to the
use of temporally asymmetric laser pulses to manipulate the characteristics of accelerated charged particles
[121, 151-154]. In addition, I-dependent ionization of matter also enables to precisely control plasma density
by an order of magnitude compared to a Gaussian beam. This could potentially be harnessed, for example, to
manipulate laser filamentation and enhance its application in electromagnetic waveguiding and remote sensing

of atmospheric molecules for accurate environmental monitoring.

In conclusion, we demonstrated I-dependent ionization of atoms and molecules that can be precisely con-
trolled by manipulating the phase singularity within the OAM beam. Gas phase measurements were performed
at higher intensity, compared to the liquid or solids counterparts, and relied on a pure tunneling process due to
the absence of propagation effects. We extended strong-field tunnel ionization beyond the dipole approximation
to simulate the ionization of atoms. Our study provides valuable insight into the intricate mechanisms under-
lying strong-field physics. OAM beams provide an additional tool to manipulate extreme nonlinear processes

that drive a spectrum of research domains.

6.3.5 ARGON STRONG-FIELD NON-DIPOLE IONIZATION AMPLITUDE

Tunnel ionization of an atom is often described using strong-field approximation (SFA) where the laser field
strength is comparable to the Coulomb field of an atom. It is predominant when the laser frequency is slower
than the frequency of electron tunneling through the barrier. SFA assumes that only the ground state and
the continuum are involved in the dynamics and that the intermediate states and ground state depletion are

neglected.

Tonization probability can be obtained from the transition amplitude defined as a projection of the final state

¥ (t) to a fully evolved ground state at large times [40, 65, 77|, given by My, = tli)r&(wf(t)hll(r, t)), where U(r, t)

189



6.3. ORBITAL ANGULAR MOMENTUM CONTROL OF STRONG-FIELD PHYSICS IN GAS PHASE

is the total wave function of time-evolved ground state, 14, when the laser field is turned on. ¥(r,t) is a solution
of the time-dependent Schrodinger equation and is solved using the Green function G(t,t') = —iO(t—t/)U (¢, t')
[40, 65] where ©(t — ') is the Heaviside step function and U(t,t') is a unitary time operator. By using the
orthogonality of the wavefunctions, the Born approximation where the perturbation acts only on the ground

state, and approximating the final state as a Volkov wavefunction; <wf(t)|f](t,t’) — {(¢y(t')] we obtain the

general SFA tunneling transition amplitude from the ground state to the continuum given by
o ~
Mg =i [ @ v 7)) (6.21)

In standard SFA, only the electric dipole moment is considered in the interaction Hamiltonian and the
Volkov wavefunction. In principle, the transition amplitude can be expressed either in velocity or length
gauges. Conversion from one gauge to the other can be achieved by using the generating function x(r, R,t) =
fol 7 ff(R + Ar,t)d\ and its resulting unitary operator e~*X("f%) [17]. In the velocity gauge, the ground state
wavefunction is given by |1, (1)) = e~ X" F:) |4h. (t)) and the Hamiltonian is given by H(t) = : (—zﬁ + A(r, t))2

where [1,(t)) is the ground state wavefunction in length gauge, iV is the momentum operator and A(r’,t) is

the vector potential. We used the length gauge to derive the transition amplitude.

To introduce higher-order multipoles in the interaction Hamiltonian, we

1. (i) Taylor expanded the vector potential to the second order about a point R in the interaction Hamilto-
nian as, A(',t) ~ A(R,t) + FTHA (R,t) ..., and in the generating function as, A(R + Ar,t) = A(R,t) +

)\f'rg;l(R, t), where 7T is the transpose of position vector.

2. (ii) Applied the unitary transformation operator e~ X(nRY) 4o explicitly express the existence of elec-
tric quadrupole and magnetic dipole in length gauge resulting in the non-dipole interaction Hamiltonian
V() =rEi (R, )+ %Ti?"ja/jE(R, ')+ 5L;B;(R,t'), where E;(R,t) and B;(R,t) are the incident electric
and magnetic fields, respectively, of the asymmetrical Laguerre-Gaussian laser beam, r; ; is the distance
between positive and negative charge in the atomic frame and R represent the coordinates of the laser
beam profile. @ represents the field gradient and L; is the orbital angular momentum of the magnetic

dipole transition moment.

Lastly, we expanded the Volkov wavefunction to include the higher order multipoles to 0(521) and converted
it from velocity to length gauge using the first order transformation, e X"t ~ ¢=# A" 4 ohtain equation
6.16 of the main text (see supplementary). The non-dipole free-electron wavefunction shown in equation 6.16
can be expressed in terms of time propagator, Uy (t,t'), and a plane wave with a momentum = (p, ¢,t")

_ UV(tv t/)

AT ST = Ty (1, )| (p,1,1) (6.22)
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where

1"

7 (pt,1) = (p +A(R,t) = [, OrA(R, ) [p + A(R, 7)] dT) L Oy (t 1) = e 8 SO (AR = [l ORAR ) p AR ldr ) dt

Therefore, the length gauge ground state tunneling transition amplitude up to 0(51\4) becomes

t

My, = fi/ dt'(m (p, t, )| Uy (£, )V (') [, (£)) = —i/ dt'(r (p,t,t')\V(t/)|1/1g>eiS(p’t’tl)

—0o0 — 00

The full transition amplitude describing the tunnel ionization probability for an al.G beam, shown in equation

6.17 of the main text, can be obtained from

¢
Myy = _i/ dt'(m (p,t, )| Ei(R,t') + %rirjajEz‘(Ra t)+ %LiBi(Ra t/)|¢g>€is(p’t’t,) (6.23)

— 00

where

2

S(p.t,t) == (p—i—A(t”)—/t,t/@(p—FA(T))dT) +2I,

1 t
.,

To calculate the electric dipole, magnetic dipole and electric quadrupole moment we consider the ground

dt" (6.24)

state wavefunction of argon to be a 3p-orbital given by |14 (7)) = Rni(7)Yim (8, ¢) = [nlm), where n, [, m are
principal, orbital and spin quantum numbers. These transition moments are expressed in the momentum space

by applying the position operator on the momentum state to obtain

EL = (1 (p,t,t)|riltog (r, ) EF (R, 1) = i0; |0y (mp)) ES (R, 1)

1 — 1
E2 = 5(77 (pvt,t/)|7"i7‘j|wg (r, t/)>8jEii(R7 t) = _§8iaj‘¢g<ﬂ-p)>ajEii(R,t/)

M1 = = (x (p, t,t')|Lilog (r,t')) B (R, ') =

N

VI +1) = m(m + D[thgmi1y (mp)) + U+ 1) = m(m — 1) [1hgm—1) (7))
1 /
1 |~V 1) = m(m + DYgneny (mp)) +i/U1+ 1) — m(m — D) yg(m—1) (7p)) B (R,t') (6.25)
m|¢g(7"p)>

where the momentum wavefunction is defined as |1 (7p)) = (7 (p, ¢, t') [tbg (1, ")) and |Yg(mar) (7p)) = (7w (p, £, t') [nl(m+t
1)) and where for convenience we drop the time component 7 (p,t,t') = wp. The angular momentum operator is ex-

pressed in terms of the raising and lowering operators (L, = (L4 4+ L_), Ly = 5-(L+ — L_), L) and its definition on

the spherical harmonics L+ |nim) = \/I(l + 1) — m(m & 1)|nl(m £ 1)).
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The momentum wavefunction was obtained by Fourier transforming the spatial radial wavefunction for hydrogen-like

atoms [155, 156].

2(n—1-1) /2 262(141) anl z+1 n2p2 -1

where Cf:llfl is the Gegenbauer polynomial [155, 156].

Therefore, the ground state wavefunction for argon (3p orbital, n=3, [=1, m = 0,+1) in momentum space is given

by
500 (9mp — 34 (mp — 21)
[Yg(m=x1)(Tp)) = T (9% T 1 \/»(me +imp,) } = F5r (7p, £ mpy)m
\—f_’
F3,1(7p) Y1,4+1(0,¢)
o @men [ [Tm ] 8, oo
om0 () = Z=mo 15257 |\ G e | = 5r ) a2 7L T
—
F3,1(mp) Y1,0(6,6)
where sinfe**®) = (rp. :I:Mrpy) , obtained by changing from spherical to Cartesian coordinates. The + and — symbols

are associated to the magnetic quantum number (m) of the spherical harmonics and should not be confused with the
superscript + associated with the handedness of the electric and magnetic field of the asymmetric LG beams, Eli (R)

and BF (R) (see chapter 2 section 2.1.4).

The electric quadrupole was obtained by carrying out the differentiation.

(373 —101,)  (m—21,)

17 ;
O, {‘2(”“ )T G agys T (w4 20,

8lm

1 .
Qam apj W)g (7"13)> ==+ (51);1% + dejpy) (6-27)

(—108m2 I, + 501, + 217p)
(7"12) +21,)8

1
= ii |:4(7"pz T iy, )Tp, p,

81w
3m2 — 101, ) ) .
- ((ﬂ.%:_iﬂp;;) [(Opipe £ 10p,p,) Tp; + 0pip; (Tp, £ imp,) + (0,0, £ 0p,p,) T, ]

Therefore, the electric dipole, electric quadrupole and magnetic dipole terms for argon atoms are given by the below

two equations.

34 (373 —101,) (w3 —2I,)

—_— . :t — _— ]
El = (m (p)|riltg (r) E" (R) = Fi 2(mp, £ iy, )Ty (72 +21,)° (w2 + 20,)*

817 (617_7‘171 + i(spjpy) Ezi (R)
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1 — 17 . —108721, + 501, + 2172
E2 = L (p)rars o) 9y EE (R) = £ -0 [a(my, + iy, Y,y 208 e 501, + 21m5)
2 (7Tp + 21@)

¢ 817

(372 — 101,,)

- m [(5101-1% + i‘smpy) Tp,; + 5mpj (‘“’pz + i‘“’py) + (6Pjp:c + i(spjpy) 77191'] ajEii(R) (6.29)
P p

34 (mw —2I,)

M1 =
81mv/2 (mp + 21,)*

(m (p)|Liltyg (r,t))Bf (R,Y) =1 [—7p, Bi (R) + 7, By (R)] (6.30)

N =

Using partial fraction expansion the above expressions for the electric dipole, electric quadrupole and magnetic dipole

of argon can be rewritten as

68 1 161
El = : Ef(R) = +i—1 ; _ _ » Bt
(7 D)l (DB (B) = i (£ im0, ), (s — 503 e ) B
34 1 I . +
+ 2817 ((71-]2, Y23 - (2 +;Ip)4 ( Pj P + Zépjpy) E7(R) (6.31)
1 — 17 ) (50(617 + I,) 1921, 21
B2 =~ F- =+ |4(m,. Ve, Ty, ) _
2 <7T (p)'?" TJ|¢9>8J 7 (R) :l:8171' [ (77171. + Zﬂpy)TrPJ Tp; ( (71'1% + 2[17)6 (771% + 2[p)o + (7‘_12) + 21;7)4
1 161 . ) . g—
—2 <(ﬂ_% 21,4 - 3(7‘_3 +;Ip)5) [(5mpz + Zépipy) Tp; + 5171'?_7' (7"171 + ”"py) + (§Pjpa: + Z(Spjpy) ﬂpi]} 0; E; (R)
(6.32)
1 R N . 34 1 41, + +
Ml == L; A)WBE (R, 1) = - —,, B .B ,
5w OILd, (O)BE () =i 2 (s = ) [, BE () 4 B ()] (639

These two terms were substituted in transition amplitude (equation 6.17 of the main text) and the time integral was
solved by saddle-point integration using the method of steepest descent (stationary phase method) [157-160]. The resul-
tant transition amplitude has the form My, = —i [, g(p,t, t')eis(”’t’tl)dt' where g(p, t,t') = (7 (p, t, t)|V (R, 7, t') |1hy (t'))
represents the transition matrix element from the ground state to the continuum. It contains 11 terms; 4 for the electric
dipole, 5 for the electric quadrupole, and 2 for the magnetic dipole, respectively, as shown in the above two equa-
tions. Each term has a generic form ~ % where n = 3,4,5 for electric dipole and n = 4,5,6 for electric
quadrupole. (; (p,t,t') is the numerator specific to each term. g(p,t,t’) varies slowly compared to the fast oscillating
function eis(p’t’tl), so the integral averages to zero unless there are regions where the phase of the oscillation, S(p,t,t'),
stays nearly constant. In other words, areas around the point where the derivative of the function in the phase goes to
zero, i.e. %S(p,t,t’) = 0= S'(p,t,t'). This occurs at a saddle point t; where S’(p,t,t') = 2I, + 7% (p,t,t') = 0. As a
result, all the terms in electric dipole and electric quadrupole transitions contain a singularity at the saddle point ¢s.

To solve the transition amplitude My,, we Taylor expand S(p,t,t') ~ S(p,t,ts) + 25" (p,t,ts)(t' — t)* around the

saddle point and substitution gives the below generic expression for each of the 9 terms involved in electric dipole and
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electric quadrupole transitions

1

i18" (p,t,ts)e?
—————€ 2 de 6.34
c’ S’ (p7t7t,) ( )

Myg (p,t) = —iCi (p,t,ts) oIS (pitits) it

where the deformed contour C’ is going through the saddle point as a straight line at an angle ¢.

To handle the singularity in the denominator in the vicinity of the saddle point ts we approximated the term to

S’ (p,t,ts) = S"(p, t,ts)(t' —ts) [157, 159], leading to

t ts i . i 1 iLlg/ . T4
Mg (p, t) = _i%e s(p,t,té)e ¢ /C/ me 18" (pt,ts)(t tb)th/ (6.35)

Substituting the definition of the Gamma function in the transition amplitude, (t, t )n fo "~ 1e_z(tl_t5)dx, leads

to a double integral given by

i t,ts i i o pn—l ilgr V2 _a(t —
M;yg (p,t) = _ng;’((;)’t7t ))ne S(pitits) g ¢/ T {/e 35" (pstts)(t —ts) e =) g’ | de (6.36)
» Uy s 0

To solve this we applied a change of variable € = (¢’ — t,), to get

Cl patvts 1S (p,t,ts) 1 oomn71 — (=il 8" (p,t,ts)e?+ze
Mfg(p,t)=ﬂWe (pohits) i T e~ (Fi25" it te) g | g (6.37)

I

: 2 2 2
in which the time integral [ = fe_(_’%su(p’t’t‘*)€ Fred?=a%) g — o3 J e~ (@t g = e)‘Z?

— _s1an N S |
where a = {/—i55"(p,t,ts) and A Wz yZIrwNn) AZ.

- n/2
Substituting the time integral I in equation 6.37, using fooo "N gy = % (f%) and rearranging leads
to
T(n/2) 2im 2i "2 Seitts) i
My (p,t) = — + (Dt s 18(ptita) gt 6.38
f (p’ ) ? QF(TL) g (p’ ) ) S”(p,t,ts) S”(p,t,ts) € € ( )

We retain only the odd values of (n = 2k + 1) since they result in a non-zero residue from series expansion over the

contour integral of equation 6.35.
 ~D((2k+1)/2) 2i ML Sitts) is
My (p,t) = — G (Pt ts) | =/ toip et 6.39
fi(p,t) = —ivm NS (p,t,ts) AR e e (6.39)

We replace ¢ (p,t,ts) for the electric dipole and electric quadrupole moments with their respective terms for n = 3

and n = 5 given in equation 6.31 and 6.32 to get

M, (p,t )722fr(3/2) ( ci(p,t,ts)Q) eISPtt)eid N (pt) = _4fr(5/2> ( Ci(potots) )eiS(P,t,ts)ei¢ (6.40)

TB3) \S"(ptits) () \8"(ptts)?

The full transition moment after integration is given by
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Bl . 68 I'(5/2) . 161,
Mfg (pv t) - iSlﬁ 4 1—\(5) (ﬂ-Pac + Zﬂpy)ﬂ-lﬂz‘ 35'”(p,t,ts)3
I'(3/2) 1 . + iS(p,tits) i
T(3) ArRRAE (6177.,,7m :tzépipy) E(R)e™'? e (6.41)
B2 . 68 I'(5/2) . 1921,
Mfg (p7 t) - iSlﬁ 1—\(5) 4(Tl'pz + “TPy)ﬂ-Pjﬂ-Pi S”(p, t, ts)3
161, . . . g i $) i
—2 (m) [(5p11pm + 151%;0;;) Tp; + 5p¢pj (”pm + “"py) + (61’]'1’:5 + 15Pjpy) 7"1771] 8jEii (R)e Spotita) oo (6.42)
68 TI'(3/2) 1 + + iS(pit,ts) i
MM = B _ B iS(p;tits) i¢ A
fa (p7 t) Slm F(3) S”(p,t,ts)Q (ﬂpy x (R) Ty Y (R)) € € (6 3)

For linearly polarized light to 0(8/1\4), S"(p,t,ts) can be written as
t
S"(p,t,ts) = F2i/2L,Ei(ts) {1 +/ 8,~A,~(7')d7’} (6.44)
ts

At the saddle point - S(p,t, ') = 0 = (p +A@) - ftt, OrA(T) (p+ A(T)) dr)z = —2I,, this expression describes
tunneling. It shows that the electron kinetic energy at time t’ is negative, its velocity is complex and hence the time
t' = ts & in. The time ¢’ can be identified with the moment when the electron enters the barrier. Its real part t, will
then correspond to the time when the electron exits the barrier. Substituting the complex time at the saddle point,
regrouping real and imaginary terms in S(p,t,t') and after variable transformation (7' =t = t,; dr’ = dt" and taking

ts — 0 and ¢ — +in) and neglecting 0(5212) terms we get

Iy

R t +in
iS (p,t,ts) = %/ dt" (=% (p,t,t") +21I,) = U (% (p, t,¢") dt” + 2I,) —/ (x (p,t,7') + 2I,) dT'] (6.45)
t te 0

sEin

(21,)%/2 21,

iS(p,t,ts) = —m 1+ % ; [pj + F(I;S)ain(ts) — lﬂ dr (Al(T) — Al(ts))ajAl(T):| (646)

From the saddle point method, we can represent the momentum in terms of the ionization potential 7, = i1/2l,.
For elliptical light, the momentum components takes the form m,, = am, and m,, = 87, where o, § are the polarization
factors. By considering only the normalized field amplitude for the dominant first order term in iS(p, t, ts) and S” (p, t, ts),

the non-dipole total transition probability can be calculated using

o wo
Py = / Mg + MJ + My *dR (6.47)

—wo
to describe the ionization probability over the interaction region shown in Fig. 6.5b and the difference in the ionization
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probability, analogous to HD, defined as APy, = Psy(+l) — Pg(—1) shown in Fig. 6.5a.

6.3.6 SUPPLEMENTARY INFORMATION

This section includes an additional set of experimental and theoretical results and materials essential to support the

main text and its content.

6.3.6.1 EFFECT OF INTENSITY AND E1E2 STRENGTH ON THE IONIZATION PROBABILITY

Figure S6.8a shows the influence of intensity on the ionization probability of argon as a function of displacement of the
singularity for [ = —1. At low intensity, the ionization is symmetric around § = 0. The ionization probabilities overlap
for both handedness of the helical light (not shown). As the intensity is increased, ionization becomes asymmetric around
6 = 0, and a double bump shape appears. The difference in ionization between the positive and negative singularity

positions becomes more prominent until the saturation intensity is reached.

a) b)

1.0 4 = 1.0 o
Ar(i=1e=0) Ar'(1=4,6=0)
2x10 "W/cm c=1
4x10"*W/em® _
c=100
0.8+ 6x10"Wicm® 0.8+ =200
—— 8x10"°W/em® =400
14, 2
— 1x10 "W/cm =500 [
0.6 4 06| ——¢=800| /

0.2

Normalized ionization probability (arb. units)
Normalized ionization probability (arb. units)

0.0 T T T T T 0.0 T T T T T
-3 2 -1 0 1 2 3 3 2 -1 0 1 2 3

Displacement of singularity in the focal region (um) Displacement of singularity in the focal region (um)

Fig S 6.8: Influence of laser intensity and the E1E2 strength on the ionization probability. a) Depiction of
ionization probability at various intensities. b) ionization probability curves with various E1E2 strength. The behaviour
flips for I = +1 (not shown).

Figure S6.8b shows the effect of the E1E2 strength on the ionization probability for an intensity of 1 x 10'*W /cm?.
As the relative strength of E1E2 transitions increases, represented by the constant ¢, it suppresses the ionization for a
positive d-position and remains unchanged for the negative d-position. This behaviour is mirrored for the opposite helicity
(I = +1). For a higher suppression constant, the ionization curves exhibit more features similar to the experimental
curve in Figure 6.3a. Atoms and molecules in an electric field can experience small shifts and splitting in the atomic, and
molecular energy levels caused by the nuclear magnetic dipole moment interacting with the magnetic field generated by
the electrons and the nuclear electric quadrupole moment in the electric field gradient due to the distribution of charge
within the atom. Hyperfine structure is known to enhance the quadrupole transition for a p-orbital which would result
in increasing the strength of the E1E2 transitions suppressing the ionization for one helicity over the other. The c-values

used in the simulation of Fig. S6.8b are within the expected range of enhancement [147-149].
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6.3.6.2 TONIZATION AS A FUNCTION OF SINGULARITY

This simulation, fig. S6.9, depicts the behaviour of ionization of argon as a function of the asymmetrical parameter in
the interaction region. It maps the ionization probability for a | = —1 OAM beam polarized along the y-direction for
different radial angles. A cut along the x-axis gives Fig. S6.8. The asymmetric double bump structure persists when
the singularity is moved through the center at different angles. For all angles, the ionization probability is higher for
negative d-position compared to positive d-positions. However, When the singularity is displaced along y-axis, the double
bump structure is symmetric. The asymmetry in ionization with respect to the d-position varies with angle and becomes
maximum along the x-direction for linear polarization in the y-axis. This mapping behaviour is mirrored for the opposite

handedness of light.

24

Fig S 6.9: Ionization map for for linearly polarized | = —1 beam. Polar contour map of the ionization as a
function of displacement of singularity in the x, y-plane within the interaction region.

6.3.6.3 CORRELATION BETWEEN INTENSITY VARIATION AND DIFFERENTIAL IONIZATION

Figure S6.10 shows differential ionization for S(-)-limonene, defined as the difference in ion yields between left- and
right-handed helical light. For a specific position of the singularity, differential ionization persists over a range of laser
intensities up to saturation as shown in the insets (for § = £1pm and 6 = £1.5um. When the singularity is at the center,

the two ion yield curves overlap as a function of laser intensity (not shown).
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Fig S 6.10: Differential ionization of singly charged R(+)-limonene as a function of displacement of the singu-
larity for linearly polarized [ = 1. The insets show the intensity variation of R(+)-limonene for [ = +1 (I = —1) in red
(black) at the positions denoted by the blue rectangles.

6.3.6.4 DIFFERENTIAL IONIZATION OF S(-)- AND R(+)-LIMONENE

We observe a strong dependence of ion yields of S(-)- and R(+)-limonene for opposite OAM values which is uniquely
observed for an asymmetrical OAM beam. For every d-position, the difference in the ion yields for the opposite-handed
helical light gives differential ionization, shown in Figure S6.11 for singly and doubly charged R(+)- and S(-)-limonene
for linearly polarized OAM (I = £1) beam. The blue and green curve represents the difference between [ = +1,s = 0
and [ = —1,5 = 0 for the left- and right-handed parent ion, (Ci19His)", the peak 136m/z from the mass spectrum.
Similarly, the black and red curves were obtained from the doubly charged ion, (C10His)1?, and the fragment, (CsHg)™,
both located as the peak 68m/Z in the mass spectrum. The difference in ion yields is greater for the peak 68m/Z vs the

parent ion 136m/Z. There is no strong differential ionization between the handedness of the molecule.

For the intensities used in the experiment, the Keldysh parameter is less than unity, so tunnel ionization is predomi-
nant where the electron transitions semi-classically from the ground state to the continuum excluding the chiral-sensitive
transition in the excited states. Therefore, the rate of ionization can be expected to be similar for both enantiomers,
albeit in different directions. In TOF measurements, one can only measure the total yield during ionization and not
the emission directions. However, in the case of doubly charged ions chiral sensitive transitions can occur during the

recollision [28, 161] but are considerably suppressed at wavelengths used in the experiment.

Figure S6.12a) shows the variation of the singly charged S(-)-limonene ion yields as a function of the singularity

displacement for [ = —3 in red and [ = 43 in black. The increase in the ion yields for an asymmetric OAM beam arises
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Fig S 6.11: Differential ionization for single, double and fragment ions of limonene enantiomers for lin-
early polarized | = 1. Parent ion yields (m/z = 136), for S(-)-limonene (R(+)-limonene) in blue (green), and doubly
charged /fragments (m/z = 68), for S(-)-limonene (R(+)-limonene) in black (red). The laser intensity was 8x10'3
W /cm?.

from the increasing peak field strength as the singularity is displaced. Results are similar to argon, in the main text.
Therefore, at large § positions, the ion yields should decrease because the peak field decreases and the beam profile
resembles a Gaussian-like beam. However, experimental limitation resulted in a maximum displacement of 2um in the

interaction region without affecting the quality of the beam.

Figure S6.12b) depicts the characteristic sinusoidal shape of differential ionization observed in atoms. It also features

an infliction point around J = 0 similar to that observed in argon.
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Fig S 6.12: Single ionization control of limonene for [ = £3. a) Single ionization yields of R(+)-limonene for
I = 43 (black) and | = —3 (red). b) Difference between left and right-handed helical light (I = 3) for singly charged
limonene ion yield. The laser intensity was 9x10™® W /cm?.

199



6.3. ORBITAL ANGULAR MOMENTUM CONTROL OF STRONG-FIELD PHYSICS IN GAS PHASE

Figure S6.13 shows the normalized differential ionization of S(-)- and R(-+)-limonene for circularly polarized OAM
(I = £1) as a function of displacement of the singularity. Blue and green curves represent the difference between right-
and right-circular polarizations with a specific helicity (I = 1) for the parent ion. The black and red curves represent the
difference between the two helicities of light with a specific circular polarization for the parent ion. Error bars represent

the standard deviation of 2 runs and the pulse energy was ~ 5.5u.J.
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Fig S 6.13: Ionization control of limonene for circularly polarized [ = +3 beam. a),b) Differential ionization
yields of S(-)-limonene and R(+)-Limonene between RHC and LHC for a specific helicity of light; = +1,s = £1 (blue)
and [ = —1,s = £1 (green). Differential ion yields of S(-)-limonene and R(+)-limonene between heliclity of light for a
specific polarization for singly charged I = £1,s = —1 (red), I = 1,5 = +1 (black). The laser intensity was 8x10"
W /cm?.

6.3.6.5 ELLIPTICITY DEPENDENCE OF IONIZATION

Correlation between ellipticity and differential ionization. The sinusoidal behaviour of differential ionization
with respect to the § position is independent of the laser polarization as shown in figure S6.14. However, its magnitude
will change with the ellipticity of the laser polarization. Fig. S6.14a shows the differential ionization in S(-)-limonene
for linearly polarized | = 1 OAM beam, where the two insets show ellipticity dependence of single ionization for left-
and right- helical light at 6 = £1pm, marked by the rectangles. For a symmetric OAM beam the ellipticity variation for
left- and right-helical light overlap. At that specific position, as the ellipticity is increased, the magnitude of differential
ionization should decrease if the peak field strength is not adjusted to maintain the same intensity in the interaction
region. Figure S6.14 b),c) represent the simulated ellipticity variation in argon for a §-position comparable to that
identified in a). The simulated curves display the flipping behaviour of the ionization probability for the handedness of

the helical light as you displace the singularity across the zero position.

Ellipticity and OAM effect on argon ions. Figure S6.15 shows the normalized singly charged argon yields as
a function of ellipticity. Figure S6.15 a) shows ellipticity variation of single ionization of argon atoms, experimental
ion yields (solid points with dashed lines) and simulated ionization probabilities (solid lines), for symmetric (black)
and asymmetric OAM beam with positive (red) and negative (blue) displacement of the singularity, 6. The maximum

ionization yield is obtained for linearly polarized light (¢ = 0) and decreases monotonically as the ellipticity increases
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Fig S 6.14: Ellipticity dependence of single ionization of limonene . a) Difference in single ionization yields of

S(-)-limonene for I = 1. The insets show the ellipticity variation for S(-)-limonene for | = +1 (I = —1) in red (black)
at the positions denoted by the blue rectangles. The laser intensity was 8x10'® W/cm?. b), c) Simulated ellipticity
variation for asymmetrical parameters comparable to the insets in a). The ionization probability for [ = +1 (I = —1) is

denoted by the red (black) curve. The laser intensity was 10'* W/cm?.
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Fig S 6.15: a) Normalized experimental and simulated ellipticity variation. Single ionization yields of argon
for | = 41 and 6 = 0 in black, § = 1 in red, and § = —1 in blue, as a function of laser ellipticity. The solid lines represent
the simulated ionization probabilities. The laser intensity was 10** W/cm? for both experiments and theory. b) Single
ionization yields of argon for I = +3 (black) and | = —3 (red) for § ~ 1um. The laser intensity was 1.2x10'* W/cm?.
The error bars represent fluctuations in the ion yields over repeated measurements.

and reaches the minimum for circularly polarized light. All three curves exhibit a Gaussian-like behaviour. At higher

intensities, circular polarization leads to appreciable ionization.

Figure S6.15 b) shows the ellipticity variation of argon for I = +3 OAM beam at a displacement of ~ 1um. The
difference between the handedness of helical light and ellipticity is more prominent than that of [ = +1 obtained in figure
S6.15 a). This behaviour flips when the asymmetrical parameter ¢ is displaced in the negative axis (not shown). The

potential barrier for [ = 3 is strongly suppressed for one handedness over the other due to a strong peak field strength and
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field gradient compared to [ = 1. As the Il-value is increased, the ionization yields for one-handedness would eventually

be completely suppressed.

6.3.6.6 PEAK INTENSITY AND BEAM WAIST FOR INCREASING [-VALUE

In Laguerre-Gaussian beams with increasing [-value, the size of the null intensity region at the center increases. Conse-

quently, for the same spot size higher pulse energies are required to reach the threshold for ionization.

From the threshold energies and peak power, the [-dependent peak intensity can be calculated based on the following

equation [60]:

2,2
I{ W } 941 211, T 2

= WH W] (6.48)

cm?
For a symmetric LG beam, the maximum intensity is achieved when T\Qll = w(2)|l|/2. The beam waist of the LG beams

are expected to increase with the [-value, however, experimental OAM beams do not exhibit this behaviour. To take this

. . . . . . . 12

into account a correction to the symmetric beam waist for higher order /-value must be considered, wg(l) = ”“”! w? (1=
O)e_l”. This adjustment ensures the same beam waist and peak field strength for different l-values of a symmetric LG
beam.

For asymmetric LG beams, the displacement of the singularity must also be adjusted to ensure it remains the same

ul
‘lll! 8% = O)ef‘”, where ¢ represent the displacement of singularity

for beams with different I-values, such that A%(l) = i

for the beam waist of wo(l = 0) and A is the adjustment for higher l-value. Accordingly, the beam waist also needs to
be adjusted for higher l-values given by wo(l) = wo(l) + [Awo(l)|, where Awo(l) = (A(1)/wo(l = 0))(wo(l = 0) — wo(l).
This ensures the ratio of displacement of singularity to the beam waist remains identical for different [-values and that

at large §-positions the beam waist would remain constant and behave like a Gaussian.

6.3.6.7 KINETIC ENERGY OF RECOLLISION FOR ASYMMETRICAL LAGUERRE-GAUSSIAN BEAM.

The ability to increase the ponderomotive energy by displacing the singularity directly correlates to an increase in the
kinetic energy of the recolliding electron according to the equation of motion, see Fig S6.16. Although the magnitude
is influenced by the asymmetry of the beam, the time component of the dynamics of ionization and recollision remains
unchanged compared to a Gaussian. Controlling the kinetic energy of the electron with the singularity position and the
[-value can significantly impact the high harmonic generation process because higher recollision energy can be achieved
for a driving field with an asymmetrical beam profile compared to a Gaussian beam profile. The recolliding energy for
an asymmetrical Laguerre-Gaussian beam with | = 9 at 800nm is comparable to a Gaussian beam with a wavelength of

1500nm.
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Fig S 6.16: Electron recollision in argon for various l-value. The dash (solid) lines represent the long (short)

trajectories created when the electron is ionized before (after) the peak located at wot’ = 0.05 x 27 = 18°. The electron
will return to the parent ion at wot = 0.7 x 27 = 252°
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CONCLUSION AND FUTURE IMPACT

The final chapter of this dissertation will contain the concluding remarks and the future scope of my research. This will
include a discussion on the potential impact this research has on the scientific community, such as further advancement
in strong-field physics, plasma physics, nonlinear optics, and attosecond dynamics. The findings from this research
open many opportunities for future experiments such as HHG with asymmetric LG beam, PEHD, and OAM-dependent
NSDI. These new ideas followed by their proof of principle are included. This research and future scope should encourage
further investigation into the mysterious nature of helical light-matter interaction. The potential for new discoveries and

advancements is immense, and the implications of such could be far-reaching.

7.1 CONCLUSION

The work conducted in this dissertation is original research that has contributed to the field of light-matter interaction. It
shows the development of a new chiroptical technique using asymmetrical helical light to probe and control light-matter
interaction in three phases of matter in the nonlinear and extreme nonlinear regimes. It exhibits high efficiency and

control over the chiral signal and can induce differential signals in achiral molecules and atoms.

Chiral interactions were shown to depend on two major elements, the helical pitch and the field strength. By
implementing this new form of chiral probe we can achieve a stronger interaction with matter by increasing the number

of intertwined twists within the helical pitch and simultaneously varying the polarization. Moreover, the direction of
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rotation of the helical phase was shown to significantly impact the observed signal. The different interaction regimes
were achieved by varying the incident pulse energy and were further controlled by introducing asymmetrical parameter
6, which affects the field strength and the field gradient around the optical vortex for a fixed pulse intensity. Therefore,
by using asymmetrical helical light as a chiral probe, we gain two extra degrees of freedom to study chiral interactions.

This benefit is not limited to chiral matter it was shown to have a significant influence on achiral matter and atoms.

We have also shown significant advancement in the mechanism responsible for the observed helical effect. In the
multiphoton absorption regime, we demonstrated the importance of the higher-order multipoles for the differential
absorption in isotropic and anisotropic mediums. This resulted in two parameters: i) a polarization effect that is
responsible for CD in linear and nonlinear regimes. ii) A conceptually new chiral parameter, the optical helicity, a phase
effect and responsible for HD in the nonlinear regime. These were shown to be responsible for helical dichroism in enantio-
pure liquids, enantiomeric solutions, and achiral liquids. In the extreme nonlinear regime, we show the significance of the
higher-order multipoles in MPAT and extend the standard SFA tunnel ionization transition amplitude to include non-
dipole terms of a structured field. HD was shown to be sensitive to the short-range order and the superposition of OAM
and Gaussian beams exhibit a control over the HD signal. Moreover, in the strong field regime, atoms with symmetric
potential can experience a difference in the distortion of their atomic potential due to the presence of asymmetry in
the probe combined with the handedness of the helical phase. This allows for the suppression of ionization and control
of the kinetic energy as well as the force exerted on the liberated electron. The control over the null intensity allows
for the manipulation of the peak intensity or "hot spot" demonstrated through the differential ionization of atoms and

molecules and can be extended to photo-excitation of matter.

Overall, the research shown in this dissertation has potential implications for the development of new and surprising
phenomena in light-matter interaction of strong-field physics. This optical probe holds promising applications across
various disciplines such as physics, chemistry, and material science. Its adaptability allows it to be incorporated into
existing CD spectrophotometers and expanded to plasmonic metasurfaces or transparent polymers. This research lays
the foundation for progress in chiroptical spectroscopy, asymmetric catalysis, molecular electronic devices, chiral sensors,
and electron dynamics in attosecond and plasma physics. The high efficiency of HD facilitates chiral recognition on solid
surfaces, a key factor in surface and material sciences. Furthermore, it opens up new possibilities for the development of

enantioselective catalysis and the asymmetric synthesis of bioactive molecules.

7.2 FUTURE IMPACT

We describe three new extensions of our work which show the promising future and impact of asymmetrical OAM
beams in strong-field physics. i) Investigate the effect of asymmetrical beams on high harmonics generation and its
control over the phase matching condition. ii) Explore the effect of asymmetrical helical light on the photoelectron
angular distribution. Develop photoelectron helical dichroism (PEHD), a spectroscopic imaging technique, to improve
the efficiency of chiral-sensitive detection and discover new pathways of ionization for atoms. iii) Explore the effect of
OAM and its asymmetry on the recollision dynamics. Analyze the transverse spread of the electron wavepacket and the

OAM-dependent non-sequential double ionization pathway through the "knee-shape".
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7.2.1 HIGH HARMONICS AND PHASE MATCHING USING ASYMMETRICAL OAM BEAM

We aim to examine the phase-matching condition for high-order harmonic generation using linearly polarized al.G beams.
We want to compare the conditions for efficient phase matching for aLLG beams with those of LG and Gaussian beams.
Recent studies have shown that the OAM of the incident LG beams influence the phase-matching conditions for the
short and long trajectories that result from the saddle-point approximation of the dipole moment [162, 163]. This shows
that the coherence length for the short trajectories decreases for LG beams near the focus compared to Gaussian beams.
However, efficient phase matching can be achieved both before and after the focus. Moreover, it has been demonstrated

that the coherence length for the long trajectory behind the focus plane can be manipulated by the OAM.

To generate HHG, dense atomic targets are used since the radiation emitted from a single atom is too weak. Therefore,
to increase the efficiency of HHG one must analyze the single atom interaction and the ensemble response of the individual
atoms. The interaction volume can consist of > 102 atoms, thus within this region the radiation emitted by these atoms
are generally not in phase. An area where the radiation emission is in phase and adds constructively is considered
phase-matched, the area where this condition is fulfilled is the coherence length. Up to date, phase-matching conditions
have only been investigated for Gaussian and symmetric OAM beams. However, asymmetrical OAM beams allow for
additional control over the ionization process (discussed thoroughly in Chapter 6 section 6.3) which is the first step of
HHG and can influence the efficiency of HHG. A higher yield, as well as high recollision energy, can be achieved for an
asymmetric OAM beam compared to a symmetric beam and Gaussian beam. By displacing the singularity the peak field
increases, this combined with the field gradient of the left- and right-handed aLL.G beam directly affects the ionization
yields. In Chapter 6 we show that the ponderomotive energy for an asymmetrical LG beam at 800nm can increase
by displacing the singularity and by increasing the I-value (see figure 6.7). This will increase the high harmonic cutoff

compared to a Gaussian with the same wavelength (see figure 6.16).

This section will investigate the effect of §-position and its implication with the OAM value on phase matching of
HHG for linear polarization. To confirm that the phase matching condition is fulfilled the phase of each harmonic emitted
must be known. The focus will be on the i) dipole phase due to the response of a single atom to the incident intensity

and ii) the intrinsic beam phase due to the focusing of the laser beam.

HHG is often described by the Lewenstein model. However, the use of asymmetrical OAM beams requires the
contribution of the electric dipole and quadrupole. Therefore, we will extend the induced dipole moment to order dA.
The response of the individual atom is proportional to the induced multipole moment M (t) = (W (£)|V% (t)|¥ (t)) where
W (t) is the time-evolved wavefunction given by 7.1 and Vi (t) is the interaction Hamiltonian given by A.18. Within the

SFA the wavefunction takes the form

[ (£)) = Uo(t, to)|bg) —i/t Uy (t,8)V (") Uo (¢, to) | dg)dt’ (7.1)

The first term describes ionization, and the second term describes the evolution of the non-ionized part of the electron
wavefunction. Where Uy (t,t') is the non-dipole Volkov time-propagator and its plane wave forms a complete basis
1= []m (p, ¢, t")) (7 (p,t,t')|dp where 7 (p, ¢,t’) is the non-dipole kinetic momentum.

= ~ i " SN 2.
m(p.tt) = (p+ AR )~ [} AR 7) [p+ AR 7] dr); Dy (1,t) = e 3 (AU fin SRR+ ATl i
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Assuming no permanent dipole in the ground state and neglecting the continuum-continuum transitions we can express

the induced multipole as a transition from bound to continuum state.

t . ’

M(t) = —i/ dt'p (m* (7 (p,t, ') B(R,t)m [x (p, t,')] e (1) 4 c.c.) (7.2)
to

where the phase is S (p,t,t') = 3 ft, [(p + A(R,t") ftt// (‘3RA( ) (p+ A(R, 7)) dT) + 21]3:| dt”, the multipole tran-

sition moment is represented by m [7 (p,t,t')] = (7 (p,t,t')|VL(t)|¢,), and the linearly polarized electric field is E(t') =

Ey(R)cos(wt)z (Eo(R) is the transverse beam profile of the asymmetric LG beam given by 2.26). For any hydrogen-like

state, the induced multipole can be solved similarly using saddle-point integration as performed in Chapter 6 section

6.3.5 which was performed for argon.

Although the higher multipole was shown to affect the ionization step when irradiated with asymmetric Laguerre-
Gaussian beams and could result in interesting behaviours in HHG it is normally accepted to describe the harmonics
generation through the dominant multipole, the electric dipole. For phase matching we can limit ourselves to the dipole
approximation, the high order multipole are ignored and the interaction Hamiltonian reduces to Vi (t') = d - E(t’) and
the field gradient tensor 8RA(R 7) — 0 no longer exist in the phase S (p,t,t') = 3 j;, [ p+A(R,t")* + 2Ip] dt"” and

kinetic momentum 7 (p,t') = p+ A(R,t'). the induced multipole moment reduces to the standard SFA dipole moment.

D(t) = —i / "dt'p (d* [ (p,t)] E(R, ¢')d [ (p,t')] _is(p’t’t/)+c.c.) (7.3)

to

and after saddle-point approximation, the harmonic dipole can be expressed as a summation over the saddle-points

S (p.t,t)

W) = 72,2 27 ( o )3/2 & [ (pa, t2)| E(R, £)d [ (pa, £1)] o8 (Parts tl ) Figuts (7.4)
— \/det (S” (p,t,t")) \ts — 15

where S” (p,t,t') is the Hessian matrix of the action S (p,t,t') with respect to ¢ and ¢’ evaluated at the stationary
points s = (ps, ts,t;) [160, 162, 164]. The saddle-point approximation is closely related to classical trajectories of a free

electron.

The phase S (p,t,t') accumulated by the electron during its propagation in the continuum and its recombination
under the emission of the gth harmonic is called the dipole phase. The dipole phases of the short and long trajectories are
different due to their difference in times for recollision. However, the closer to the harmonic cutoff 3.17U, + I, = qw the
closer the dipole phase of the two trajectories. For relatively low intensity and gas pressure, the phase matching condition
only includes the intrinsic phase of the driving laser field as well as the single-atom response. Other contributions such
as the plasma defocusing and the neutral atom dispersion are excluded in this analysis. Although we expected plasma
defocusing to play an important role in phase matching due to our ability to manipulate the plasma density by displacing

the phase singularity. The phase matching is satisfied when
kq = qkoé - qV¢l(R7 Z) + V(z)dipole(R, Z) (75)

where ¢(R,z) = arg[Eo,;(R,z)] and ¢daipote(R,2) = qw — S (p,t,t'). For both short and long trajectories, we can
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Fig 7.1: Dipole phase for an atom as a function of intensity for short (blue) and long (red) trajectories calculated by
classical trajectories (dashed) and quantum orbits (solid) that contribute to the 21st harmonic. For the harmonic plateau,
the dipole phase increases linearly with intensity. The slope of the dipole phase of the short trajectories is approximately
as = 1.5 x 10"*W /cm?, whereas the slope of the dipole phase for the long trajectories is ar = 22 x 10"W /cm? [162]

write a linear dependence of the dipole phase on intensity as both trajectories increase with intensity, @aipole(R,z) =

al_p sIEou(R, 2)|?, where a]_; ¢ is dependent on the long and short trajectories as shown in figure 7.1 [162].
kq = qkoz — qVarg [Eo (R, 2)] + af_ s V[Eou(R, 2)|” (7.6)

The phase matching condition can be determined over the entire interaction region. For the basic principle, consider

only the phase matching on maximum (one-dimensional case) where the harmonics are emitted at the peak intensity.

For a Gaussian beam (I = 0), the maximum coincides with the beam axis (Rjmaz(2z) = 0) [60, 163]. Then, the

phase-matching condition is given by

ky = gkoZ — g¢Varctan (zi) +ai_p s V[Eo,=0(0, 2)|? (7.7)
For a symmetrical LG beam (I # 0,0 = 0), the peak of the field is located at Rjmaz(z) = %w(z) =
v/ %wo1 /1+ % [60, 163]. Then the phase-matching condition is
R2maz z
k, = gkoz — q(|l|+1)Varctan | — | — qkol’i() +a’; ¢V|Eoi(Rimaz(2), 2))° (7.8)
Zr 2RR(z) ’

For an asymmetrical LG beam (I # 0,d # 0), the phase and the intensity profile is given by

arg [Bo. (R, )] = arctan {tan (—k (%) — (l|+1)arctan (Zi) + |i|arctan {%} )] (7.9)

and

st = () (2 ep [ 2] (w0 ) (7.10)
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Fig 7.2: Longitudinal cross-section of the intensity and phase profile of Gaussian (upper row) and a symmetric
LG beam (lower row). The Gaussian has a transverse intensity maximum at the beam axis and for the LG beam, it is
off-axis located at R;max. The phase profile of the Gaussian beam shows the phase shift from 7/2 to —7/2 due to the
Gouy phase. The focal phase modifies the phase off-axis. The phase profile of the LG beam has a phase singularity on
the propagation axis due to the term il¢. In addition the phase shift caused by the Gouy phase is increased, from 7 to
—m [162]

Where the intensity is evaluated at the maximum field strength determined by Rjmaz(z). Due to the complexity of the
aLLG beam, it is difficult to find an analytical formula for the maximum for all /-value and §-positions. However, it is

easily determined numerically. Therefore, the phase-matching condition is

2
kq = qko2 — gVarctan [tan (—k <%> — (JI]+1)arctan (2) + |l|]arctan {%} >]

+al, sVIEY (Rimas(2),2)*  (7.11)

The gradient of the phase from the laser field, Varg[Eo (R, z)], is dependent on the [-value, the handedness of
helical phase, and the magnitude and sign of asymmetric parameter §. The dipole phase, a;I:L’SV|E‘O‘f}(Rl,mM(z), 2)%,
is independent of the handedness of the helical phase but dependent on the [-value and the magnitude and sign of the
asymmetrical parameter §. The dipole phase changes sign for a negative and positive ¢ displacement over the entire
interaction region or at the peak of the electric field as depicted by figure 6.7. Therefore, with this additional degree of

control, it seems possible to improve the phase matching condition for asymmetrical LG beam.

Figure 7.3 depicts the phase profile of a Gaussian, symmetric and asymmetric LG beam. The Gaussian and symmetric
phase profile in figure 7.3 agrees with the figure 7.2 published in [162]. The phase profile of the Gaussian beam shows the
phase shift from 7/2 to —7/2 due to the Gouy phase modifying the phase off-axis. The phase profile of the symmetric
and asymmetric LG beam has a phase singularity on the propagation axis due to the term il¢. In addition, the phase
shift caused by the Gouy phase is increased, from 7 to —m. For an asymmetric LG beam, the shift in the null intensity
results in an off-axis phase singularity. At the beam focus, there seems to be a smooth transition in the phase for
0 = —1um (figure 7.3 c) and a more drastic change for 6 = +1um (figure 7.3 d) at the focus. This behaviour flips for the
opposite handedness of the helical phase (not shown). This drastic change in phase combined with the plasma defocusing
will suppress the ionization and can affect the phase-matching for the generation of high harmonics. Therefore, phase-

matching for asymmetrical LG beams can be manipulated simply by displacing the singularity position, this seems to
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Fig 7.3: Longitudinal phase profile of Gaussian (a), a symmetric LG beam (b), and asymmetrical LG beam for
6 = £1 (c and d). The y-axis represents the the beam waist w(z) in the x-direction and the x-axis represents the Rayleigh
range zr. The white lines are merely a relic of the computation.

be analogous to increasing the efficiency of second-harmonic by angular rotation of a nonlinear crystal.

This phase matching control combined with the ability to tune the ponderomotive energy arises by simply displacing
the phase singularity influencing the overall yields of HHG. It seems plausible that asymmetric LG beams can increase

the efficiency of HHG compared to a symmetric OAM beam or even potentially to a Gaussian beam.

7.2.2 PHOTOELECTRON HELICAL DICHROISM

Time-resolved photoelectron spectroscopy is a technique employed to measure photoelectron kinetic energy and angular
distribution. The photoelectron velocity vectors v, and v, /vy are measured using a TOF method and position-sensitive
detectors. VMI is used to map the initial velocity vector of an electron to a specific point on the detector. Photoelectrons
that originate from the interaction region expand in spherical shells, referred to as Newton spheres. The radius of these

spheres grows at a rate that is proportional to the electron’s kinetic energy as shown in figure 7.4.

These 3D Newton spheres are detected by a MCP as a 2D projection. The electron’s kinetic energy is encoded
in the radial coordinate, and the angular distribution is encoded in the angular coordinate of the 2D projection. By
using cylindrical symmetry about an axis parallel to a detector, the 3D distribution can be reconstructed from the 2D
projection using Abel inversion, which is related to the Fourier and Hankel transform with certain axial symmetry. The
power of VMI lies in its ability to measure the angular distributions of photoelectrons, providing detailed insights into

photoionization dynamics.

By implementing the VMI detection scheme with an asymmetrical OAM beam, as the source of ionization, we can

expand on the OAM-dependent ionization result of Chapter 6 section 6.3 to elucidate the effect of OAM and asymmetrical
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Fig 7.4: Velocity map imaging of the photoelectron angular distribution by ionization of chiral molecules using
asymmetrical helical light. The purpose is to enhance the chiral signal by generating larger dichroic contrast and higher-
order sidebands compared to PECD. These measurements can also be performed for achiral molecules and atoms. This
is an extension of the TOF-MS OAM-dependent ionization, in chapter 6. Analyze the ionization dynamics by imaging
the asymmetrical PAD instead of the charged ions and fragments [165].

parameter  on the photoelectron emission. By measuring the electrons instead of the ions more information on the
photoionization dynamics can be achieved. In principle, this will be an extension of PECD, described in Chapter 1
section 1.2.2, where the chiral probe is no longer a circular polarized Gaussian beam but symmetric and asymmetric
LG beams. This will utilise the benefits of high energy resolution of VMI detection with the additional elements of
control helical light provides such as the handedness of the helical phase, the polarization, the unbound [/-value and the
asymmetrical parameter 6. PEHD will not be limited to chiral molecules but could also be employed with atoms and
achiral molecules. The forward and backward asymmetrical emission of the PAD could be studied and controlled. This

will elucidate the effect of OAM and asymmetric parameter § on photoionization dynamics and reaction pathways.

The absorption of photons carrying a total angular momentum j = [ + s in the propagation direction over the
transverse beam profile will consist of spin-orbit coupling during the absorption or ionization process. According to the
conservation laws, the total angular momentum, J = >, j; = >_.(li+s:), must be conserved during the interaction. This
alters the selection rules allowing for new pathways not accessible with the conventional circularly polarized Gaussian.
For typical PECD, the irradiating field consists only of spin angular momentum s = +1 and [ = 0, thus j is restricted
to 0,1,2. However, when [ # 0 j is no longer required between 0...2. Therefore, the coefficients b? of PECD defined
by the Clebsch-Gordon coefficient will no longer be limited to 2, see equation 1.52. For PECD, enantio-sensitivity
and the asymmetry in the PAD is mainly due to the first order term (b7* = —b;') and is only present for circularly
polarized light. For linear polarization, no asymmetry is expected for chiral and achiral molecules. However, with the
introduction of OAM, such Clebsch-Gordon coefficients are not restricted to such conditions. Potentially, allowing the
presence of asymmetry PAD for linear polarized LG beams and new coefficients that could alter the rate or symmetry

of the photoelectron.

7.2.2.1 PROOF OF PRINCIPLE

Different ionization pathways and photoelectron emission rates can be achieved due to the presence of OAM in the

interaction region and the asymmetry introduced by the irradiating field. By expressing the transition matrix in the
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spherical basis new selection rules can be extracted from the photoionization with OAM beams [123]. Consider a single
photon interaction of atoms with an OAM beam, the quantum states can be expressed as a radial and spherical basis
() = Rni(r)Yim (7). Taking the first interaction Hamiltonian, V = —5L(p-A(p,t) + A(p,t) - p), the matrix element

takes the form

do aa

2
o = Ok B (Pl - A o) () (7.12)
In chapter 1 section 1.2.2.1 we showed the relation between the transition rate and the differential cross-section for an
electron to transition from ground to continuum given by equation 1.54. where A(p) = Ao (‘7%”) . e FIU®) ig either the
symmetrical LG beam and p = \/m For convenience, the vector potential is written in the dipolar and transverse
spatial approximation (a Gaussian beam can be considered as a plane wave) [123]. Taking the quantization axis in the
beam propagation direction, the position vector can thus be written as r = (x,y, z) = r{sin()cos(¢), sin(0)sin(¢), cos(6) }
and expressing the vector potential in spherical basis using p = rsinf [123]. For the show of principle consider the

symmetrical LG beam

(B (7)Y ()1 - A ) Bt (1) Yion (7)) 0% (B (k1) Yo (P [ (5in9) 1+ cos(9), B (siné) "' sin(o)

Yl
» (@) S FHUDIR (1) Yim (7)) (7.13)

Wo

oo 1]
(Rt ) Yo (O A Rot)¥in (7)) o Ao [ ar s (20) " o)

0 Wo
o (sinf) """ cosg = ((sin@)”""1 T 4 (ging)lIH ei(I‘”_”‘f’)

. . Yim(7)  (7.14)
B (sind) "+ sing = £ ((Sine)erl GFIIHDS _ (ging)lti+1 ez<¢\z|—1)¢)

/ dQY (7)

1 .
where the angular contribution can be expanded in terms of spherical harmonics Y} = (;Lll? A/ (21411)! sin'fe’? [123]. OAM
beams introduce new spherical harmonics in the interaction where their product results in new Clebsch-Gordon coefficients
resulting in different selection rules. Thus, the differential cross-section for PEHD will have different coefficients in terms

of b? in the angular distribution I(0) compared to PECD, shown in chapter 1 section 1.2.2. By altering with the beam

transverse profile we can expect a larger exchange of angular momentum transfer by increasing the OAM and SAM.

A similar approach can be performed using an asymmetrical beam as well as including the higher order multipoles

to the differential cross-section.

do do E1E1 do E1M1 do,ElE2 3 9
diﬂ - d79 + diﬂ + diQ + O(Oé CLO) (715)

The first term is given by equation 7.12 and the higher order coupling differential cross-section is by [27]

diElMl B (aa0)2

dQ) T oon

RBnTm (07 (e - A() i) (s (PIL - (k x A(p)) [ (7)) (7.16)
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do B1E2 (aap)? . .

S0 = = kBt [( (Pl Alp) [P (s ()] (- Ap)) (K- ) [(7))] (7.17)
The full solution to all three expressions is quite extensive and requires further investigation, however, the E1E1 and
E1E2 terms are expected to be responsible for any form of asymmetry in the PAD with linear polarized light and the
E1M1 will become significant for highly elliptical light. An increase of coefficients would be expected and include the
transverse asymmetry of the beam, d-parameter, resulting in asymmetric photoelectron emission for either the handedness
of helical light or the §-position. That is, the additional asymmetry and OAM carried by the irradiating field will alter

the photoelectron emission symmetry of chiral and achiral molecules as you displace the §-position.

The ionization profile shown in figure 6.6 (chapter 6 section 6.3) depicts ionization hot spots within the beam cross-
section. Although this is a local effect in the interaction region, some asymmetry is expected to translate to the 3D
Newton rings and be detected by the 2D projection due to the difference in kinetic energy of the photoelectron after
ionization. Some differences are expected to occur due to the resolution from the electron spread when accelerated after
the ionization process. The electron momentum direction could alter the shape however the yield count of the electron
should be different between the two-handedness of the helical phase for a specific 4-position and this behaviour should
flip as the singularity traverses the origin. It would be interesting to know if the cross-sectional beam profile and OAM
can be imprinted onto the PAD and detected using a VMI system. Furthermore, these measurements could be performed
with a photoelectron-photoion coincidence spectroscopy (PEPICO) to determine if any additional information between

the electron and ions can be extracted during the ionization process.

7.2.3 OAM DEPENDENT NON-SEQUENTIAL DOUBLE IONIZATION

Non-sequential double ionization is a strong-field process characterized by the correlation emission of two-electron ion-
ization. The process follows the three-step model as depicted in Chapter 3 section 3.2.6 in figure 3.8: i) the first electron
is removed from the outermost electron via tunnel ionization to the continuum at the peak of the field. Leaving the
second electron unaffected by the field due to the decreasing amplitude of the field which is proportional to the time
elapse. Although in some cases, where the molecular I, is low or at higher field strengths, this remnant field can excite
the cation to higher states. ii) The field drives the continuum electron away from the parent ion where it gains kinetic
energy and broadens in the transverse plane. Upon reversal of the laser field, the electron is driven back to the parent
ion and undergoes a laser-driven recollision with the parent ion. Depending on the laser polarization, the recolliding
electron can return with a transverse displacement decreasing the probability of recollision. The recollision probability is
greater for linear polarization and decreases as the ellipticity is increased. For circular polarization, the electron misses
the parent ion and the measured double ionization is mostly due to sequential double ionization. iii) Upon recollision
the energy imparted allows for two pathways, the second electron is directly ionized by the electron impact (NDSI) or

the second electron is subsequently ionized by the field after impact (RESI).

The proposed experiment is to study the influence of asymmetrical OAM beams on the electron recollision process.
Can the helical phase combined with polarization alter the electron recollision, either increase or decrease the probability
of recollision and can this be further controlled by displacing the singularity. We have demonstrated that the ionization

step of argon, limonene and acetone are strongly influenced and controlled by the handedness of the helical light and
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the asymmetric parameter 9, see figure 6.3 and 6.4. Since the first step exhibits differential yields, similar features are

expected to persist if not enhanced by the electron-electron correlation for NSDI or RESI.

NSDI could be investigated by measuring the momentum distribution of the ions and electrons generated. Complete
measurements of the double ionization dynamics obtained by the coincident detection of the two electrons and the doubly
charged ion will allow for the direct observation of the correlated electron momenta in the presence of SAM and OAM
and potentially controlled using the asymmetric parameter § of the LG beam. This must consist of sophisticated setups

such as COLTRIMS or a PEPICO setup.

However, some information can still be extracted by measuring the ions with the current TOFMS setup. Two simple
measurements can help to elucidate the recollision dynamics: measure the doubly charged ion yields as a function of i)
ellipticity or ii) pulse intensity.

i) By measuring the doubly charged yields of an atom as a function of laser polarization, the yields during the recol-
lision process decrease as the ellipticity is increased exhibiting a Gaussian-like distribution. The transverse displacement
of the electron can be extracted from the width of the yield vs ellipticity curve. Figure 7.5 shows preliminary results of
argon for Gaussian (I = 0), symmetric OAM beam (I = 1,5 = Opm), and asymmetrical OAM beam (I = 1,5 = 1um).
All the measurements were made at the same laser intensity. As a result, the single ion yields for Gaussian and sym-
metric OAM beams are nearly identical at all ellipticities. However, for asymmetric OAM beams, the single ion yields
are higher owing to a larger distortion of the atomic potential. Due to recollision, the doubly charged argon ion yields
decrease rapidly with ellipticity compared to the singly charged ions. From the ellipticity dependence, the transverse
displacement and spreading of the electron wavepacket after tunnel ionization could be extracted. The observed small
differences suggest OAM and d-position can affect the transverse momentum of the electron. However, these subtle
differences require further investigation, to improve the signal these measurements could be performed by using atoms
with lower ionization potential such as Xenon, with higher pulse energies to reduce the errors in the ion yields, and at

longer wavelengths to increase any visible difference owing to the larger propagation time of the liberated electron.

Additionally, the smaller the hole for tunneling the greater the transverse momenta of the ionized electron and
vice versa. Asymmetric OAM beam can strongly influence the suppression of the atomic potential affecting the initial

momentum spread of the first ionized electron and directly influencing the rescattering process.

ii) By measuring the doubly charged yields of an atom as a function of pulse intensity, the ion yields increase as
the intensity is increased. In these measurements, NSDI manifests itself as a knee shape in the intensity-dependent
double-ionization curve, see figure 7.6. The rate of doubly charged ion yields is reduced due to the electron-electron
correlation. This knee shape is not expected for a sequential double ionization process because the first and second
ionization are independent from each other. In the intensity region below the knee structure, a strong correlation in
the electron momenta is observed while above the knee is a structureless distribution. This correlated character in the
electron emission in NSDI is a consequence of the rescattering process, in which a first electron, liberated via tunnel
ionization, is strongly accelerated by the laser field and driven back to the parent core where an inelastic collision triggers
the ionization of a second electron. It is expected that the scattering process will be influenced by the field distribution
of an asymmetrical OAM beam. By using the scattering theory for recollision dynamics, as in Chapter 6 section 6.1 and

6.2, the difference in the probability of recollision can be investigated.

The knee shape is influenced by the ellipticity and the wavelength of the incident laser field. The higher the ellipticity
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Fig 7.5: Ellipticity variation of singly (circles) and doubly (triangles) charged argon as a function of laser
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Fig 7.6: Argon Ion yields as a function of pulse intensity. (1) Single ionization, Ar — Ar™+e~. (2) Dominance
of the non-sequential double ionization, Ar — Ar** 4 2e~, the momentum distribution will show a distinct double peak.
(8) the double ionization rate is described by the sequential process, Ar — Art + e~ — Ar*™ 4+ 2¢™, the momentum
distribution shows a single peak as for the single ionization. All curves can be simulated by SFA with the Coulomb
correction or ADK/PPT.
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and the longer the wavelength the more pronounced the knee shape. This is commonly attributed to the rescattering
process and the ponderomotive energy of the liberated electron. The ponderomotive energy scales linearly with the laser
intensity and quadratically with the wavelength. The electron trajectory, in the continuum, is influenced by the ellipticity,
the maximum y-displacement iS Ymaz X ETmaz Where ¢ is the ellipticity. Therefore, since ponderomotive energy can
be further increased with asymmetrical LG beams by using a higher [-value or by displacing the singularity, the knee
shape is expected to exhibit different features. By comparing the knee shape of Gaussian, symmetric and asymmetric
OAM beams we could expect a variation in the knee shape onset, its rate (slope) and prominence over a certain intensity

range.

216



APPENDICES

217



A

APPENDIX

Al MULTIPOLE EXPANSION OF THE INTERACTING HAMILTONIAN

This section will derive and define the electric-dipole (E1), the electric-quadrupole (E2) and the magnetic-dipole (M1) by
converting the common velocity gauge Hamiltonian, V(t) = % [}7 + /Y(r’, t)], for a single electron in an electromagnetic
field to the length gauge. This is useful as ground state of hydrogen-like atoms are only valid in length-gauge. This will

allow us to express the transition amplitudes in such a gauge.

The ground state wavefunction, in velocity gauge, is expressed with a unitary operator W = e~ to maintain

the Schrodinger Equation (SE) invariance. The ground state wavefunction is

|64 (1)) = e~ X"V|g4 (1)) (A1)
where x(r,t) is the generating function. The velocity gauge Schrodinger equation becomes

(—iV + A(, 1)) XD (1)) (A.2)

~
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To introduce higher-order multipoles in the interaction Hamiltonian, Taylor expanded the vector potential to the second

order about a point R in the velocity gauge and transformed it into the length gauge. Taylor expansions of vector fields
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Al

are most easily seen through directional derivatives.

1
F0°) = FR) + ([ = B V') f0 )t o (7 = B] - 9')? £ )lo=n (A.3)
Following this definition and using r = r’ — R we expand the vector potential to the second term.
Au(R,) + (7 ) Aa(R,1)
(R,t) + FTOA (R,t) + ... (A.4)

A(r' 1) = A

It can be shown that (F» ﬁ) fT(R, t) is equal to 7TOA (R, t) where 7T represents the transpose of the vector position and

dA (R,t) is a second rank tensor defined as

OuAs OuAy OuA.
A= |9,A, 9,4, 9,A. (A.5)

0:A, 0.Ay 0:A.

Thus, the expanded vector potential is g(r', t) ~ A'(R, t) +7TOA (R, t). Substituting this vector potential into the velocity

gauge SE, by rearranging and simplifying we get

i% (g, (1)) = [%(—z‘v + AR D) + A (R, 1) (—iV + A(R, 1)) | e X0 6, (1)) (A.6)

Applying the unitary operator W to both sides in order of expression of the Schrodinger equation in length gauge.

XL g0 4 419800 [ 9 4 AR ) = VxR 4770 (R ) (<48 + A (1) = V(2,0 65(0)
(A7)

Omitting the higher-order terms for the vector field and the generating function in (A (R,t) — Vx(r, R,t))?, we get

—i(A(R,t) — Vx(r,R,t))V + rTHA (R,t) (—iV + A(R,t) — Vx(r, R, t))] |pg (1))

2t _ [ D) v

ot ot 2
(A.8)
Using the fact of the field-free Hamiltonian acting on a state is Holg) = 7%2|¢>, we obtain
0 ox(r,R,t =~
(135~ Ho ) 1on(0) = [~ 2GR (4 (R = Vi R) T+ T (R, 0) (-39 + A (1) = Tx(r, R 0)] 64(0)
(A.9)

From the Schrodinger equation with the total Hamiltonian, i 2 |¢4(t)) = [Ho + VL(t)] |¢g(t)), we can define the length

the interacting Hamiltonian V7 (¢) as

Vi(t) = _%ﬁﬂf) —i(A(R,t) — Vx(r,R,t))V + rTa/;l(R, t) (—iV + A(R,t) — Vx(r, R,t)) (A.10)

219



A.1. MULTIPOLE EXPANSION OF THE INTERACTING HAMILTONIAN

A complete multipole expansion is obtained by choosing a generating function, in the canonical transformation. It is
convenient to use the following integral representation for the generating function, x(r, R,t) = fol r- A(R+ Ar,t)d\. The
Taylor expanded generating function is obtained by expanding the vector potential as A(R + Ar,t) = A(R,t) + (Ar -
V)A(R,t)

1 1
(r, R, ) :/ r- AR, t)dX +/ MTIAR, t)rd) = r- AR, ) + %TTGA(R tyr (A11)
0 0

Therefore, from the coulomb gauge, we can convert the vector potential to an electric field and extract the electric

dipole and quadrupole moment.

O\ Rot) = — 1 B(R ) — 2rTOB(R, t)r (A.12)
E2

For the magnetic dipole, more arithmetic is needed. Consider the second term of A.10 with the vector potential and the

gradient of x(r, R,t).

A(R,t) — Vx(r, R, t) = —%V (rT8/1\4(R, t)r) = —%Vkrirjﬁ(ﬁc, £) (A.13)
AR, 0) = VX, R 1) = =5 (81ir0, A(R,0) + 716,05 AR, 1)) (A.14)
1 _— _— 1 _ _
A(R,1) = Vx(r.R.t) = =3 (rjajAk(R, 1) + 10 As(R, t)) =5 (aA(R, t) + JA(R, t)T) (A.15)

Keeping only 0(8/1\4), therefore ignore A(R,t) — Vx(r, R,t) in the last term on the right-hand side of A.10 as it will

generate higher order terms. Now substitute A.12 and A.15 into the interaction Hamiltonian A.10 to obtain

Vi(t) = - E(R,t) + %rTa/E’(R, tyr+i (%ﬂ (aAA(R, t) + DA(R, t)T>) V — irTBA(R, 1)V (A.16)

Vi(t) =7 E(R, ) + %TT@(R, e —i (%TT (0A(R, 1) - GA(R, t)T)) v (A.17)

Here the last term is the magnetic dipole —i (%TT (8/;1(1%, t) — 521(1%, t)T)) V= %FB(—Z@) = %E - B recall the magnetic

dipole L = 7 x (—zﬁ) Therefore, the interaction Hamiltonian in the length gauge and atomic units can be written as

VL (t) =r;E; (R, t) + %TiTja/jE(R, t) =+ %LiBi(R, t) (A18)

In standard units this results in the standard multipole expansion of the interacting Hamiltonian.

Vi (R,r,t) = pi E; (R, t) + Qi;V, E; (R, t) + miBi(R, t) (A.19)
E1l E2 M1
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Where we can explicitly define the E1, M1, and E2 terms for an ensemble of charges in a system as

un= Z GnTn (A.20)

qdn
m = Z 2 rn X Pn (A.21)
Q= Z %rnrn (A~22)
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A2 NON-DIPOLE CONTINUUM WAVEFUNCTION

The Gordon-Volkov wavefunction is a laser field modulated plane wave solution to the Hamiltonian of a liberated
photoelectron when neglecting the influence of the atomic potential U(r). The non-dipole free-electron wavefunction was

obtained from the velocity gauge Schrodinger equation.

. d 1, = = 2
zalll(r,t) = 5(—1V+A(r,t)) U (r,t) (A.23)

We can express the higher order multipoles in the Hamiltonian by Taylor expanding the vector potential to the second

order about a point R in the velocity gauge.

d 1 N 2 — - o
iS (1) = {5 [ﬂv + A(R, t)] + 7 RA (R, ) [fiV + A(R, t)H U (r, t) (A.24)
The Hamiltonian commutes with the momentum operator p = —iV and since the momentum state |k) = ™7 is an
eigenfunction of p with an eigenvalue k we seek a solution having the following behaviour W (r,t) = ———=e™™" f; (¢),

- (2#)3/2

where fi (t) is the time modulation of the plane wave in the presence of the laser field. The Schrodinger equation can

be rewritten as

Pl e[ AP + 1A+ 0] 20 (a2

We use the following transformation, to order 0(51\4), to simplify the solution to the differential equation by eliminating

the second term on the right-hand side.
k=p— ['_BA{) [p + A(R, t')] dt'; p=k—['_JA®) [k + A(R, t')] dt’ (A.26)

Using the total derivative chain rule to rewrite the time derivative on the left-hand side of equation A.25.

i — ai . @ g . @ — Ti _ /t A ’ g ’ ’ %

o at T a Vra\F OrA(R,t) [kJFA(R’t )] at’ | + 5 (A.27)
d — - 0
= VEORA(R, 1) (k: + A(R, t)) + 5 (A.28)

In the non-resonant process (t — co) we can consider only the first order term of the transformation and substitute

Vp — V.

(v;a?A(R, 0 (k + A(R, t)) n %) Fot) = —i B(k + A(R,1)? +iVIORA(R, t)(k + A (R,1))| fr (1) (A.29)
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A.2. NON-DIPOLE CONTINUUM WAVEFUNCTION

D5 = =i | SO+ AR | fu(0) = () = o3 /(AR ar (A.30)

The total wavefunction is obtained from the above solution for f (t) combined with the plane wave solution.

1 ik — 4 A(R,7 2ar
W (r,t) = We Moz J(k+A(Rm)"d (A.31)

Using the other transformation from A.26, we can express the total wavefunction in terms of p.

Wy (r,t) = 5 1)3/2 o (P OART) (FHA(R,T))dr) 7~ & [}y (F+ARE") [y DA(R,7)(F+A(R,7))dr )dt" (A.32)
Y

This is the non-dipole Gordon-Volkov wavefunction to order 0(5;1) in the velocity gauge. By considering the velocity

Rt efiA‘(R,t)»F

to length gauge transformation to first order, e~ X( , we can express the free-electron wavefunction in

length gauge as

UL (rt) = 5 1)3/2 ei(ﬁJrﬁ(R,t’)—ftf‘, EZR(R,T>(5+A<R,T))d7).f67%‘ IY (FHAR )~ [4, BAR(R,7) (F+A(R,7))dr)dt" (A.33)
Y

where the non-dipole momentum is defined as
m(p,t.t) = (F+ A(RY) — [, OrA(R.7) [5+ AR, 7)) dr) (A-34)

The non-dipole Volkov wavefunction can be reduced to the dipole approximation, exp(—iE - 7) & 1, by setting the field

gradient tensor to zero and reducing the vector potential to include only the time component, A(t) = Agsin(wt), to get

1 (= Xl i o R IN\2 gt
Uy (r,t) = (2ﬂ)3/2 6t(p+A(t ))47»67515, (F+At")) dt ‘ (A.35)
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